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This research project analyzed streamflow, specific conductivity, and precipitation data for two 
tributary locations of the Cambridge Reservoir.  MassDOT deicing agent application data was also 
analyzed for state maintained roads in the drainage areas of the two tributaries.  The purpose of this 
project was to determine the load of chloride to the reservoir from the state maintained roads.  All data 
was considered on an annual, monthly, and individual storm scale.  A hydraulic model for runoff was 
developed and the mass load of chloride was determined. 
 The study area consisted of USGS gage 01104415 (Lincoln Street) which is a tributary to Hobbs 
Brook Reservoir and USGS gage 01104455 (Waltham) which is a tributary to Stony Brook Reservoir.  
Both reservoirs are part of the Cambridge Reservoir system.    Lane uses in each site consisted of high 
percentages of state maintained roads and both sites were directly connected to highway drainage 
systems.  Historically, these sites have high chloride concentrations. 
 Annual runoff coefficients were 0.62 at Lincoln Street and 0.68 at Waltham.  Storm scale runoff 
coefficients were considerably smaller and exhibited seasonal variability.  At Lincoln Street storm scale 
runoff coefficients were smallest in the fall (0.28 average) and largest in the winter (0.49 average).  
Waltham storm scale runoff coefficients averaged 0.24.  Storm scale decay constants averaged            
1.28 x 10-4 s-1 at Lincoln Street and 4.26 x 10-4 s-1 at Waltham.  The average depression storage layer 
depth was 0.0063 meters at Lincoln Street and 0.0048 meters at Waltham. 
  Chloride loads prevailed year round, but were most prevalent during the winter deicing 
application season.  Deicing agent applications to the state maintained highway resulted in average 
loads of 196,000 kg Cl-/year to the Lincoln Street watershed and 279,000 kg Cl-/year to the Waltham 
watershed.  Average chloride loads to the reservoirs via streamflow were 249,000 kg Cl- at the Lincoln 
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Street gage and 254,000 kg Cl- at the Waltham gage.  Overall, the highway contributed 73% of the 
chloride load at Lincoln Street and the entire chloride load at Waltham.  
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1.1 Deicing Agents 
Various deicing agents are applied to highways during winter months to melt snow and ice on 
roadways and provide safe travel conditions.  Several chemicals can be used based on their performance 
at different temperatures, cost and environmental impact.  According to the Federal Highway 
Administration, the U.S. spends over $2 billion annually on deicing agents and associated labor and 
equipment (U.S. EPA, 2010a).  Each year, approximately 15 million tons of deicing salts are used 
nationally.  Widespread usage of salt began in the 1950s and peaked in the 1970s. 
The Massachusetts Department of Transportation (formerly MassHighway) spends between $50 
and $60 million annually on snow and ice control measures (MassDOT, 2006).  These costs depend on 
the number and severity of winter storms.  Deicing agents account for $15 million of this total 
(MassDOT, 2006).  The deicing agents used by MassDOT on roadways in the study area include sodium 
chloride, pre-mix, and liquid calcium chloride.  MassDOT services over 13,286 roadway lane miles, 
breakdown lanes, and ramps in Massachusetts (MassDOT, 2006).  
Deicing materials are necessary to maintain safe travel conditions on roadways during and after 
cold weather storm events.  Deicing agents are used to prevent ice from forming on roadways and to 
melt ice that has already formed.  These chemicals work by lowering the freezing point of water.  
Application of deicing agents can occur before, during, and after cold weather storm events.  
Pretreatment strategies are employed prior to a storm event in order to prevent ice from bonding to the 
pavement.  During and after a storm, deicing agents are used to melt snow and ice that does bond to 
the roadway.   
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National salt production in the United States began to increase significantly in the 1940s when the 
estimated production rate was around 10 million tons per year (Kostick, 1993).  At this time deicing 
accounted for 2% of U.S. salt consumption.  By the 1970s, salt production was over 40 million tons per 
year.  In 2010, U.S. salt production was estimated to be 45 million tons; 40% of this salt was used by the 
chemical industry and 38% was used for highway deicing (Kostick, 2011).  Currently, deicing is the 
second largest use of salt. 
Three commonly used deicing materials are salt (sodium chloride), a mixture of salt and calcium 
chloride, and calcium chloride.  Figure 1.1 compares the performance of salt, a salt/calcium chloride 
mixture, and calcium chloride at different temperatures.  The amount of ice that can be melted by one 
pound of salt decreases as temperature decreases.  At 30°F salt can melt almost five times more ice than 
at 20°F.  At temperatures greater than 20°F, the three substances require approximately the same 
amount of time to melt ice however, the melting time of salt significantly increases at temperatures less 
than 20°F. 
 
Figure 1.1 - Performance of Deicing Agents at Different Temperatures 
a).  Pounds of ice melted by 1 pound of salt at varying temperatures.  b).  Melting time for 
various deicing agents and 1 pound of ice at decreasing temperatures.   (Wisconsin 





1.1.1 Sodium Chloride 
Sodium chloride (NaCl), commonly known as rock salt, has been the primary roadway deicing 
agent used in Massachusetts and the rest of the country since the early 1950s (MassDOT, 2006).  
Sodium chloride works by lowering the freezing point of water.  This either prevents ice from forming or 
breaks the bond between the ice and the pavement.  Sodium chloride is the least expensive deicing 
agent and costs $35 per ton (MassDOT, 2006).  As a solid, rock salt is not capable of melting snow and 
ice.  Moisture is required to create a brine solution that can melt ice.  This brine solution is easily created 
at temperatures close to 0°C (32°F), but is more difficult at lower temperatures.  For this reason it is not 
effective at temperatures below -6°C (20°F).  Granato (1996) analyzed sodium chloride rock salt 
obtained from a Massachusetts DOT road maintenance facility and determined that the samples were 
98% pure and that the greatest impurities were sulfate, calcium, potassium, bromide, vanadium, 
magnesium, and fluoride.    
In Massachusetts, salt was originally applied at a rate of 350 lbs/lane mile.  This rate was 
reduced to 300 lbs/lane mile in 1976.  As of 1995, rock salt is applied to roadways in Massachusetts at a 
rate of 240 lbs per lane mile (MassDOT, 2006).  When applied to dry roads prior to a storm, rock salt 
tends to bounce off the road surface or be blown off by wind and vehicle traffic and therefore has a 
limited effectiveness.  For this reason, rock salt is often pre-wetted to help it stick to the road surface 
and accelerate the melting process.  Automated spreaders with computerized spreader controls and 
ground speed sensors have improved the efficiency of road salt application (MassDOT, 2006).   
1.1.2 Pre-mix 
Pre-mix is a deicing agent that consists of a mixture of 80% sodium chloride (NaCl) and 20% 
calcium chloride (CaCl2) by mass.  This ratio is used for its balance of performance and cost.  Calcium 
chloride is more expensive than sodium chloride, but is effective at temperatures below -6°C (20°F).  
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Solid flake calcium chloride costs $250 per ton.  The cost of Pre-mix is $80 per ton.  Calcium chloride is 
also hygroscopic which means that it can absorb moisture; this allows it to go into solution faster than 
salt alone.  Due to the lower sodium content, Pre-mix is used in reduced salt zones.  The physical 
characteristics of calcium chloride and sodium chloride are very similar.  Granato (1996) analyzed solid 
calcium chloride obtained from a Massachusetts DOT road maintenance facility and determined that the 
samples were 97% pure and that the greatest impurities were sodium, potassium, sulfate, bromide, 
silica, fluoride, strontium, and magnesium.   Calcium chloride leaves an oily residue on roadways which 
can result in slippery conditions especially when the road is wet.  For this reason, Pre-mix is often 
applied with sand at a 1:1 ratio to provide better traction.  This pre-mix/sand mixture is applied at a rate 
of 240 lbs/lane mile.  The use of sand can result in increased environmental and financial costs due to 
sedimentation and street sweeping.   
1.1.3 Liquid Calcium Chloride 
Liquid calcium chloride is used effectively as a pre-treatment method and works well at low 
temperatures.  Liquid calcium chloride is hygroscopic and works by attracting moisture from the 
surrounding atmosphere and releasing heat.  An advantage of liquid calcium chloride is that it is 
effective at temperatures as low as -51°C (-60°F) (MassDOT, 2008).  Liquid calcium chloride costs $0.62 
per gallon.  MassDOT uses a 32% by weight solution of calcium chloride.  This solution has a density of 
1320 kg/m3.   
MassDOT applies liquid calcium chloride to roadways at a rate of 20-30 gallons per lane mile 
when used as a pre-treatment technique.  Instead of melting existing ice, this deicing strategy prevents 
snow and ice from bonding to roadways to begin with.  Pre-treatment is used when the pavement 
temperatures ranges from 15°F – 30°F (-10°C to -1°C) (MassDOT, 2006).  Liquid calcium chloride can also 
be used to pre-wet sodium chloride.  This deicing method aides in creating the brine solution necessary 
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for solid sodium chloride to work effectively and helps prevent the salt crystals from bouncing off the 
roadway during application.  When used for pre-wetting purposes, liquid calcium chloride is applied to 
rock salt at a rate of 8-10 gallons per ton of salt (MassDOT, 2008).  At 20°F salt can achieve an eight fold 
increase in ice melting when mixed with liquid calcium chloride.  Utilizing pretreatment and pre-wetting 
strategies can decrease the amount of sodium chloride required to maintain safe road conditions.  This 
results in lower material costs and lower sodium concentrations in highway runoff. 
1.2 Impact of Deicing Agents 
Runoff containing sodium and chloride can enter surface waters, ground waters and drinking water 
sources.  For surface waters, the USEPA has set a secondary maximum contaminant level (SMCL) of 250 
mg/L for chloride and a drinking water equivalent level (DWEL) of 20 mg/L for sodium.  A DWEL is not 
enforceable by the EPA and is a guidance level used to protect against non-carcinogenic health problems 
(U.S. EPA, 2010c).  The chloride SMCL is due to aesthetics and taste.  Residual sodium and chloride can 
remain on treated surfaces and in roadside soils after the completion of the deicing season and 
therefore elevated levels of deicing agents can be present in highway runoff and negatively impact the 
environment year round. 
Unlike other chemicals, chloride is not removed by soil as it flows through the subsurface.  The 
Chloride ion is highly mobile and does not biodegrade, volatilize or adsorb.  Chloride is easily 
transported between soils, groundwater, and surface waters.  Due to its non-reactive nature and low 
retardation rate in surface and groundwater environments, chloride is an ideal chemical tracer.  Chloride 
can be corrosive to vehicles, metal, concrete and highway infrastructure such as bridges (Runge et al., 
1989).  Liquid calcium chloride is more corrosive than solid calcium chloride, which is more corrosive 
than sodium chloride.  Chloride can also impact drinking water treatment and distribution systems by 
negatively affecting coagulation processes and corroding pipes.   
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The chronic chloride level for aquatic organisms is 230 mg/L (U.S. EPA, 1988).  This value is based 
on a 4 day average and may not exceed an occurrence interval of once every three years.  The acute 1 
hour average criterion concentration for chloride is 860 mg/L with a recurrence interval of less than 
once every three years (U.S. EPA, 1988).  Corsi et al. (2010) observed acute and chronic toxicity in 
aquatic organisms exposed to runoff contaminated with road salt at a local (Milwaukee metropolitan 
area), regional (southeast Wisconsin), and national (17 major US metropolitan areas) scale.  In some 
locations, toxic levels persisted through the summer and fall. 
Sodium can adsorb to soil particles and be harmful to roadside vegetation.  Due to this process, 
sodium is not an ideal ion to trace.  Sodium can degrade soil structure, decrease permeability and 
increase the mobilization of organic matter in soil (Amrhein et al., 1992).  Sodium chloride has also been 
shown to increase the mobility of trace metals such as chromium, nickel, iron, and copper, in roadside 
soils due to the formation of metal chloride complexes (Amrhein et al., 1992).  Cation exchange 
processes involving sodium and soil have been well documented.  Positive sodium ions adsorb on to 
negatively charged clay particles and can often replace other positively charged ions such as magnesium 
and calcium (Tchobanoglous and Schroeder, 1985).  This can result in increased calcium and magnesium 
in surface waters when these cations leach out of soil.  Calcium and magnesium on soil particles can be 
replaced by sodium when the surrounding soil water has a high concentration of dissolved sodium; this 
stored sodium can then be removed from the soil particles during rain events (Wetzel, 2001).  Cation 
exchange can also reduce the acid neutralizing capacity of surface waters (Mullaney et al., 2009). 
Cation exchange causes sodium to remain in soil humus and therefore concentrations will be higher 
in soils than in groundwater (Ramakrishna and Viraraghavan, 2005).  This stored sodium can later be a 
source of sodium in groundwater and subsequently, baseflow.  In the Scituate Reservoir watershed, 
sodium concentrations had not decrease 10 years after a reduced sodium deicing system was 
21 
 
implemented and Nimiroski and Waldron (2002) suggested that sodium adsorbed to clay and soil 
particles via cation exchange during past periods of uncovered salt piles and higher application rates and 
provided a source of sodium.  Granato et al. (1995) observed decreased sodium concentrations 
associated with increased calcium concentrations in samples collected down gradient of a highway and 
concluded that this indicated the occurrence of cation exchange.  The exchange of sodium for calcium 
and magnesium was observed by Rosfjord et al. (2007) in several New England lakes.  Bäckström et al. 
(2004) attributed seasonal variations in concentrations of the heavy metal cadmium, copper, lead and 
zinc to road salt induced cation exchange.  Ion exchange also caused a decrease in pH and total organic 
carbon concentrations (Bäckström et al., 2004).        
Calcium chloride does not harm vegetation as much as sodium chloride, however, it can be more 
damaging to infrastructure by corroding concrete and metal in bridge decks, vehicles, and culverts.  The 
use of Pre-mix can decrease the amount of sodium entering drinking water supplies via highway runoff.  
Calcium chloride is generally thought to be more environmentally friendly in regards to its lack of 
sodium however it does not decrease the chloride load to drinking water sources.  The sand that is 
typically applied with Pre-mix can also have negative environmental impacts. 
Salinity is the total sum of the concentration of all dissolved ions in water.  In the natural 
environment the primary cations in freshwater are calcium, magnesium, sodium, and potassium; the 
primary anions are bicarbonate, carbonate, sulfate, and chloride (Wetzel, 2001).  In natural freshwater 
bodies chloride is usually not the dominant ion (Wetzel, 2001).  Saline water has a greater density than 
freshwater so elevated levels of sodium and chloride in lakes and drinking water reservoirs can cause 
vertical stratification which prevents spring turnover and the mixing of nutrients and dissolved oxygen 
(Ramakrishna and Viraraghavan, 2005). 
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The Center for Disease Control (2009) states that sodium can contribute to kidney, liver, and 
cardiovascular diseases.  Sodium is also associated with high blood pressure and hypertension.  Sodium 
from drinking water sources contaminated with deicing agents increases people’s dietary intake of 
sodium.  In general, drinking water contributes only a small percent of an individual’s daily sodium 
intake.  Sodium in drinking water mostly concerns people with low sodium diets.  Dissolved sodium and 
chloride can be difficult to remove with conventional water treatment plants. 
In 2003 the US EPA recommended that sodium concentrations in drinking water should range from 
30 to 60 mg/L.  This range is based on aesthetics and taste and would only contribute 2.5-5% of dietary 
sodium if 2 liters of tap water were drunk per day.  The current EPA guideline of 20 mg/L is based on a 
low salt diet (U.S. EPA, 2003l; U.S. EPA, 2010b).  The taste threshold level for sodium varies by individual 
and can range from 30 to 460 mg/L (U.S. EPA, 2003).  
1.3 Research Objectives 
The objective of this research is to quantify the amount of chloride entering the Cambridge 
Reservoir as a result of deicing agent applications to state maintained highways.  The scope of this study 
includes two sites located in the Cambridge Reservoir watershed that have historically high chloride 
concentrations and high percent highway land uses.   Highway runoff routed through a drainage system 
comprises a significant percentage of the flow at the locations selected for this study.  The mass flux of 
chloride at the two sites will be compared to the loading of deicing agents on state maintained roads in 
the relevant drainage areas.  A mass balance of water and chloride will be conducted on an annual, 
monthly, and storm scale basis.  A storm scale hydraulic model will also be developed. 
These objectives will be achieved by analyzing U.S. Geological Survey precipitation, stream flow, 
and specific conductivity data and Massachusetts Department of Transportation deicing agent 
application data.  The results will yield season tends in runoff and deicing agent transport and storage.  
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The period of record used in this study is from November 2005 – November 2010.  This encompasses 
five deicing seasons.    
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2 LITERATURE REVIEW 
2.1 Increased Sodium and Chloride Concentration  
Increasing sodium and chloride concentrations have been observed in lake, rivers, and groundwater 
throughout the northern United States.  Some studies have focused specifically on the contribution of 
sodium and chloride from roadways while other studies have compared the impact of various land uses.  
According to the USGS, mean annual chloride concentrations in the Merrimack, Blackstone, and 
Connecticut Rivers increased 760%, 186%, and 344% respectively from the beginning to the end of the 
20th century (Robinson et al., 2003).  In particular, mean annual chloride concentrations in the 
Merrimack River increased from 2.9 mg/L in 1900-1917 to 24.4 mg/L in 1976-1995.  In a study of long 
term sodium and chloride trends in the Mohawk River in New York, Godwin et al. (2003) reported a 34% 
increase in mean daily sodium yields and a 40% increase in mean daily chloride yields from the 1970s to 
the 1990s.  This same study reported that concentrations of sodium and chloride were 130% and 243% 
greater in the 1990s than in the 1950s and that concentrations of other dissolved ions either decreased 
or remained constant during that time period.   A study by Huling and Hollocher (1972) reported that 
chloride concentrations in eastern Massachusetts municipal wells ranged from 50 to 100 mg/L.  Granato 
et al. (1995) analyzed groundwater for major and trace chemicals found in highway runoff and 
determined that higher concentrations were observed down gradient from the highway than up 
gradient.  
The literature supports a correlation between the use of deicing agents and increasing sodium and 
chloride concentrations and often suggests that highways contribute larger contaminant loads to the 
environment than local roads.  Mattson and Godfrey (1994) studied the correlation between road class 
and chloride in 162 Massachusetts streams and their model concluded that interstate highways 
contributed a loading of 22,500 kg NaCl (5,625 kg NaCl/assumed lane km/year), major state roads 
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contributed a loading of 17,700 kg NaCl (8,850 kg NaCl/assumed lane km/year), small roads contributed 
a loading of 4,380 kg NaCl (4,380 kg NaCl/assumed lane km/year), and streets contribute 7,530 kg NaCl 
(7,530 kg NaCl/assumed lane km/year).  Their model also concluded that there is a significant 
correlation between streams with high sodium concentrations and interstate highways and major state 
roads. 
In a Swedish river basin, half of the total chloride load was attributed to Swedish National Road 
Administration salt application (Thunqvist, 2004).  A study of sodium and chloride inputs to Mirror Lake 
in New Hampshire compared data before and after construction of Interstate 93 and concluded that 
highway road salt caused the sodium concentration in the lake to double and the chloride concentration 
to triple in 23 years.  Pre-highway sodium ranged from 35-70 µeq/L and chloride ranged from 15-30 
µeq/L.  Post-highway sodium and chloride concentrations were 95 µeq/L and 85 µeq/L.  This can be 
described by increases of 2.4 µeq sodium/L/year and 3.3 µeq chloride/L/year.  Due to a diversion berm 
constructed to prevent highway runoff contaminating the lake only 3% of the salt applied to the 
highway in the Mirror Lake watershed enters the lake.  However, half of the chloride load to Mirror Lake 
comes from a tributary that contributes only 3% of the water to the lake (Rosenberry et al., 1999). 
Between 1986 and 2005, chloride concentrations in a rural southeastern New York stream 
increased 1.5 mg/L per year and sodium concentrations increased 0.9 mg/L per year despite constant 
road salt usage.  These values result in export increases of 33,000 kg Cl-/year and 20,000 kg Na+/year.  
The sodium and chloride concentration increases were observed in both summer and winter and were 
attributed to a long term accumulation of sodium and chloride in the subsurface.  In this watershed 
deicing agents on municipal roadways contributed 83% of the total sodium chloride load and parking 
lots contributed 8% of the sodium chloride (Kelly et al., 2008).  Baseline chloride concentrations 
exhibited increasing trends in Maryland, New York, and New Hampshire (Kaushal et al., 2005).     
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In a study of sources of sodium and chloride in the Scituate Reservoir drainage basin, Rhode Island, 
sodium and chloride loads during Water Year 2000 were 1,000 and 2,300 tons respectively.  Deicing 
agents applied to state highways, local roads, and other surfaces attributed to 90% of the chloride and 
67% of the sodium.  Reservoir sodium concentrations continued to increase after 12 years of using 
reduced sodium deicing agents (calcium chloride and sodium chloride in a 60:40 ratio) on state 
maintained highways.  The study suggest that the lack of change in sodium load after 12 years of the 
reduced sodium practice could be due to increased municipal and private deicing agent applications or 
the mobilization of stored sodium from historic applications.   The drainage basin has 45% more lane 
miles of locally maintained roads than state maintained roads, however, the state roads contributed 
more sodium and chloride to the reservoir than the local roads.  Sodium concentrations in streams 
entering the Scituate Reservoir were periodically measured between 1983 and 2000 and found to have a 
positive correlation with state road density, but not local road density.  This study suggests that the 
connection between high stream sodium concentrations and state maintained roads is likely due to 
higher road salt application rates, the proximity of state roads to streams, and the efficiency of highway 
drainage systems compared to local drainage systems (Nimiroski and Waldron, 2002).   
Numerous studies have quantified the relations between various land uses and chloride 
concentrations.  In a study of six New Hampshire watersheds, average chloride concentrations were 
positively correlated with percent commercial, industrial, and transportation land uses (Trowbridge et 
al. 2010).  Mullaney et al. (2009) used a multiple linear regression model and observed a correlation 
between major road density and maximum chloride concentrations, however, they noted that road 
density indicates not only deicing activities, but also increased overall urbanization which can provide 
other inputs of chloride.  Road density is often correlated with urban land use and population density so 
chloride concentrations in areas with high road density cannot be attributed solely to deicing agents.  
Increased urbanization and population result in increased impervious areas such as parking lots (and 
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associated deicing) and increased loads of chloride from septic systems and wastewater.  Additionally, 
the arrival of historic chloride plumes from landfills and salt storage areas are potential causes of 
elevated chloride.  They also estimated median chloride loads based on broad use categories and 
obtained values of 6.4 tons/mi2 for forest, 15.4 tons/mi2 for agriculture, and 88 tons/mi2 for urban 
(Mullaney et al. 2009).  In 44 basins in southeastern and central New Hampshire, mean chloride 
concentrations ranged from <1 to 573 mg/L and mean sodium concentrations ranged from <1 to 298 
mg/L; these values were highly correlated (r2 = 0.75 for Na+ and r2 = 0.78 for Cl-) with the percent of 
pavement in each basin (Daley et al. 2009).   
On a storm scale level Ostendorf et al. (2001) observed a first flush chloride concentration greater 
than 4 kg/m3 (4,000 mg/L) in a Massachusetts deicing agent storage facility drainage system during a 
February storm when deicing operations occurred.  Even long after the end of the deicing season, first 
flush chloride concentrations were greater than 0.1 kg/m3 (100 mg/L).  The maximum winter first flush 
specific conductivity in highway runoff along State Route 25 in Massachusetts was 15,000 µS/cm; 
summer first flush values were two orders of magnitude lower (Ostendorf et al., 2006b). 
2.2 Deicing Agent Applications to Highways and Roads 
Deicing agent application rates vary by year, geographic location and road class and are often based 
on the number and severity of winter storms.  In many studies estimates must be made for deicing 
agent application rates to local roads, parking lots, and residential areas.  Annual application rates can 
range from as low 3 tons/lane mile to as high as 72 tons/lane mile, but are usually between 5-30 
tons/lane mile. 
Godwin et al. (2003) estimated a 39 kg/km/day (25 ton/mile/year) application of deicing agents to 
roads in upstate New York.  In an area of eastern Metropolitan Toronto salt (NaCl) is applied at a rate of 
200g/m2 annually (Howard and Haynes, 1993).  In the 1970s the annual application rate of deicing salts 
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(sodium chloride and calcium chloride) on Massachusetts state highways was 20 metric tons/lane mile 
(22 tons/lane mile) (Huling and Hollocher 1972).  During the 1999-2000 deicing season the deicing agent 
application rate for state and local roads in the Scituate Reservoir watershed was 5.9 tons/lane mile 
(Nimiroski and Waldron 2002). 
Road salt application rates to state roads by the New Hampshire Department of Transportation 
(NHDOT) for the winter of 2006-2007 ranged from 4.1 to 15.8 tons/lane mile and the average salt 
application rate to municipal roads was 8.7 tons/lane mile (Trowbridge et al., 2010).  These values were 
determined using the total amount of salt used and the total lane miles serviced by NHDOT and 
Municipalities.  Parking lot application rates were determined by converting area to an equivalent lane 
mile value by using a road width of 3.66 m. 
From fiscal year 1993 to 2003, MassDOT District 4 used an average of 129,651 tons of salt and Pre-
mix per year while servicing 4,082 lane miles.  This results in an average of 31.76 tons of salt and Pre-
mix/lane mile/year.  Typically, this district uses more calcium chloride than other districts because it 
services several reduced salt zones including the reduced salt zones in the Cambridge Reservoir 
watershed (MassDOT, 2006).  A deicing agent storage facility in eastern Massachusetts that services a 
total of 90 lane miles used 9188 tons of sodium chloride and 673 tons of Pre-mix in response to 42 
storms over 3 deicing seasons (1997-2000) (Ostendorf et al. 2001).  These values average out to 34 tons 
NaCl/lane mile/year and 2.5 tons Pre-mix/lane mile/year. 
Kelly et al. (2008) assumed that commercial and residential parking areas used the same deicing 
agent application rate as the New York State Department of Transportation (NYS DOT).  A study in 
eastern Metropolitan Toronto assumed that shopping center parking lots used the same salt application 
rate at major highways (200 g NaCl/m2/year), other parking lots applied salt at half this rate, and 
residential applications were 4 kg/household (Howard and Hayes, 1993).  Nimiroski and Waldron (2002) 
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assumed that 50% of households in the drainage basin used 20 lbs of NaCl during Water Year 2000 (7.9 
lbs sodium and 12.1 lbs chloride).  They acknowledge that the 50% estimate is on the high side, but 
justify this value by claiming that it accounts for sidewalks and commercial and industrial parking lots. 
Deicing material storage facilities also contribute loads of contamination particularly to 
groundwater (Runge et al., 1989).  In a study quantifying the impact of outdoor highway deicing agent 
storage, Ostendorf et al. (2006a) determined that 0.3% of the stored chloride leached into the 
groundwater. Elevated levels of chloride remained in the groundwater even after the storage facility 
was covered.  Even when storage facilities are covered, spilled deicing agents during delivery and 
loading activities can contribute to elevated levels of sodium and chloride in runoff.  Currently, all salt 
storage facilities in Massachusetts are now covered, however delivery and loading activities do not 
necessarily occur within a cover facility (MassDOT, 2006). 
2.3 Transport of Deicing Agents 
Once deicing agents have been applied to roadways, they can enter the environment at various 
time scales and via several methods.  When initially applied, solid deicing agents remain on the 
pavement as intended or bounce off the pavement and on to the side of the road.  Wind and traffic can 
also blow solid deicing agents off the roadway.   Ostendorf et al. (2006b) calibrated a value of 0.55 for 
the fraction of applied deicing agents that reached the pavement.  This signifies that 45% of applied 
deicing agents end up on the side of the highway and not on the pavement. 
The deicing agents on the road can dissolve in the melting snow and then run off directly through 
the highway drainage system.  Alternatively, both solid and dissolved deicing agents can be sprayed 
onto the side of the road via moving traffic or snow plows and then infiltrate through the soil to the 
water table (Ramakrishna and Viraraghavan, 2005).  Mullaney et al. (2009) observed high chloride 
concentrations when rain followed the application of deicing agents and when roadside and parking lot 
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snow melted; this is evidence of different modes and rate of transport.  Runoff is the predominant 
transport method when roadside soils have low permeability and during the winter when the ground is 
frozen; in these situations, transport is in a more horizontal direction.  Infiltration and vertical transport 
prevail when roadside soils have greater permeability (Ramakrishna and Viraraghavan,  2005).  Some 
deicing agents remain in snow piles or in roadside soils; this can delay further transport.  Deicing agents 
are typically considered a source of sodium and chloride in surface runoff only during the winter 
however Ostendorf et al. (2001, 2006b) used a dissolution model to conclude that residual deicing 
agents in the pavement surface depression storage layer provide a source of contamination year round.   
The solid deicing materials in the pavement pores slowly dissolve with each storm event.   
Transport is often influenced by the highway drainage system.  For example, a drainage system 
comprised mostly of culverts with a direct outlet to a surface water stream would result in less 
groundwater infiltration.  Highway runoff discharged to the ground surface can later appear in 
groundwater (Granato 1995).  Alternatively infiltration basins would promote transport to groundwater 
more than surface water. Ostendorf et al. (2008) developed a model describing the transport of deicing 
agent ions to groundwater via highway drainage system infiltration basin.  This groundwater later enters 
surface streams as baseflow (Ostendorf et al. 2008).  The rate and magnitude of deicing agent transport 
via groundwater is affected by subsurface hydraulic conductivity and hydraulic gradient (Granato 1995).  
A study of groundwater in the suburban Boston area estimated that at least 35% applied road salt 
infiltrated to the groundwater where it had a residence time greater than 1 year (Huling and Holocher 
1972).  Gelhar and Wilson (1974) estimate that it takes water containing sodium and chloride ions one 
month to travel through the soil and down to the water table.  This estimate will vary based on the 
depth of the water table.  Additional time is required for the contaminated groundwater to discharge 
into a surface stream as baseflow.  A study of road salt in South Central Indiana streams observed fast 
transport times and low groundwater concentrations; storm drains and overland flow on impervious 
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surfaces were the main travel paths for runoff so there were few opportunities for infiltration (Gardner 
et al. 2010). 
2.4 Baseflow as Evidence of Sodium and Chloride in Groundwater   
Groundwater can be difficult to sample so baseflow, particularly in the summer, is often used as 
evidence of contaminated groundwater.  Summer baseflow concentrations reflect slow groundwater 
transport and subsurface storage of deicing agent constituents. 
A mass balance study of deicing agents used in eastern Metropolitan Toronto determined that 
45% of annual salt was removed via overland flow and 55% of the applied salt entered shallow sub-
surface waters annually.  This groundwater later discharged to urban streams as baseflow.  
Groundwater chloride concentrations were increasing despite constant application rates and were 
predicted to triple in the next 20 years and reach steady state concentrations of 426 +/- 50 mg/L.  This 
study suggests that chloride appearing as baseflow should not be considered in current yearly loadings 
because this chloride likely originated in subsurface accumulations and did not come from the most 
recent salt application season (Howard et al. 1993).  
Kelly et al. (2008) claim that increased chloride concentrations in summer samples indicate that 
chloride is retained in groundwater and/or soils and Ramakrishna (2005) sites baseflow as one of the 
main causes of elevated stream chloride levels in the summer.  Even though they observed little 
seasonal variability in dry weather sampling, Nimiroski and Waldron (2002) attributed summer and fall 
stream sodium and chloride concentrations to groundwater and baseflow while they concluded that the 
winter and spring concentrations were the result of the combination of deicing agents accumulated in 
snow plow piles and dilution from the snow piles melting.  Groundwater acted as a year round reservoir 
of chloride and source of high chloride concentrations in summer baseflow in the East Branch of the 
Wappinger Creek, New York (Kincaid and Findlay, 2009).     
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Runge et al. (1989) conducted a linear regression analysis on groundwater sodium and chloride 
concentrations in the subbasins of the Scituate Reservoir watershed verse land uses such as roadway, 
residential, commercial, industrial, agricultural, and forest and determined that sodium and chloride 
were correlated highest with road density.  This study used summer baseflow samples as a surrogate for 
groundwater instead of sampling groundwater directly.  Using this analysis they were able to identify a 
salt pile storage location in one Subbasin because data from this site did not have the same land 
use/chloride concentration correlations as the other sites.  Historically contaminated groundwater can 
continue to be a source of chloride in present day streams.    
2.5 Other Inputs of Sodium and Chloride 
Other sources besides deicing agents can yield sodium and chloride loads.  These sources include 
wastewater, precipitation, atmospheric deposition, and geologic weathering.  Overall, other inputs of 
sodium and chloride are insignificant when compared to deicing agents.  In a rural southeastern New 
York watershed, 4% of the sodium chloride inputs came from sewage, 3% from water softeners, and 2% 
from atmospheric deposition and rock weathering; the additional 91% sodium chloride came from 
deicing agents (83% from municipal roadways and 8% from parking areas) (Kelly et al. 2008).  A study of 
the Scituate Reservoir drainage basin in Rhode Island concluded that precipitation contributed 7% of 
sodium and 6% of chloride, individual sewage disposal systems contributed 15% of sodium and 4% of 
chloride, and geologic weathering contributed 11% of sodium and insignificant amounts of chloride 
(Nimiroski and Waldron 2002). 
Godwin et al. (2003) and Kelly et al. (2008) used a value of 12.4 kg Cl-/person/year to estimate loads 
due to human excreta and household waste.  For septic systems loads, Nimiroski and Waldron (2002) 
used a value of 21 lbs/person/year for sodium and a value of 12 lbs/person/year for chloride.  Mullaney 
et al. (2009) assumed a value of 1.3 kg Cl-/person/year to account for wastewater inputs. 
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Atmospheric deposition contributes insignificant amounts of chloride and sodium.  The National 
Atmospheric Deposition Program maintains monitoring location MA13 located in Waltham, MA.  In 2009 
this site had an annual chloride deposition of 6.76 kg/ha.  Based on the 1.085 meters of rain measured 
at this site, the precipitation weighted mean chloride concentration was 0.62 mg/L.  The 2009 annual 
sodium deposition was 3.842 kg/ha or 0.354 mg/L.  Figure 2.1 shows that these values have remained 
consistent over a few decades.      
 
 
Figure 2.1 - Atmospheric Deposition of Sodium and Chloride  (National Atmospheric Deposition 
Program, 2010) 
Many studies ignore atmospheric inputs, however, Trowbridge used a value of 6.7 kg/ha/year to 
estimate the chloride load due to atmospheric deposition based on the annual wet deposition rate 
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provided by the National Atmospheric Deposition Program.  Precipitation in the Metropolitan Totonto 
area had an average chloride concentration of 0.2 mg/L in 1986 (Howard et al. 1996). 
Geologic weathering varies by rock type, but is usually an insignificant source of sodium and 
chloride.  Nimiroski and Waldron (2002) used a value of 1.25 tons of sodium/mi2/year for geologic 
weathering and assumed that chloride was negligible.  
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3 BACKGROUND AND SITE DESCRIPTION 
3.1 Background 
Interstate 95, also known as Route 128 in the study area, is a major highway located approximately 
10 miles west of Boston, MA.  The highway runs in a primarily North/South direction with each direction 
consisting of approximately four travel lane.  This highway is maintained by MassDOT and receives 
heavy traffic year round so safe travel conditions are vital for both public safely and many business 
economies.  In order to mitigate the impact of adverse winter weather, MassDOT applies significant 
quantities of deicing agents to the highway.  In the area of interest to this study, Route 128 runs along 
surface water bodies that are included in the City of Cambridge drinking water reservoir system.  Some 
of the drainage system associated with Route 128 is routed directly to these reservoirs.  Accordingly, the 
transport of highway deicing agents to the drinking water source is a concern of the Cambridge Water 
Department.  In 1997 the US Geological Survey and the Cambridge Water Department began monitoring 
sources of sodium and chloride to the reservoir to address these concerns (Waldron et al. 1998).  In 
particular, two sites that receive large fluxes of deicing agents were examined in this study.   
3.2 Cambridge Reservoir System 
The Cambridge Water Department (CWD) supplies approximately 57 million liters of water to over 
95,000 people in the city of Cambridge each day (Waldron and Bent, 2001).  The protection of their 
water supply and quality of their drinking water is a primary concern of the CWD.   The city of Cambridge 
drinking water system consists of several reservoirs with watersheds located in the towns of Lexington, 
Lincoln, Waltham, and Weston, Massachusetts.  The total drainage area is 61.4 km2 and divided into two 
main watersheds as shown in Figure 3.1.  Figure 3.2 shows the location of the watershed in relation to 
the state of Massachusetts.  Hobbs Brook Reservoir is located furthest upstream in the system.  Water 
flows from this reservoir into Stony Brook Reservoir and then to Fresh Pond Reservoir in Cambridge via 
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an aqueduct.  Water in Fresh Pond is treated then stored in an underground reservoir for distribution.  
Together, the three reservoirs comprise the Cambridge Reservoir System. 
Locally referred to as the Cambridge Reservoir, Hobbs Brook Reservoir has a surface area of 2.4 
km2, a storage capacity of 9,000,000 m3, and a drainage area of 17.8 km2 (Waldron and Bent, 2001).  The 
drainage basin for this reservoir is located in the towns of Lexington, Lincoln, and Waltham.  At 
maximum capacity, the reservoir has a mean depth of 3.8 m.  The maximum depth is 7.62 meters.  The 
maximum elevation of the reservoir is 55.3 meters above sea level.  The reservoir was formed by 
damming Hobbs Brook and reservoir water levels are controlled by a gate house and dam located at the 
outlet of the reservoir.  State Route 2 and Trapelo Road divide the reservoir into upper, middle, and 
lower sections.  Water flows unregulated between the three sections via conduits under Route 2 and 
Trapelo Road.  This results in equivalent water levels between the reservoir sections. 
Hobbs Brook Reservoir fills slowly due to its large size and relatively small drainage area.  For this 
reason it is allowed to fill during the winter and spring when flows tend to be higher.  During these times 
the majority of water pumped to Fresh Pond originates in Stony Brook Reservoir.  During the drier 
summer and fall seasons, water from Hobbs Brook Reservoir is used to supplement Stony Brook 
Reservoir.  Hobbs Brook Reservoir receives water from Hobbs Brook, three unnamed tributaries and 
several storm drains from State Route 2 and Interstate-95.  Generally the tributaries and reservoir water 
flow in a north to south direction.  A dam at the southern end of Hobbs Brook Reservoir controls the 
discharge of water from the reservoir to Hobbs Brook.  This brook flows south for 2 km until the 
confluence with Stony Brook.   
After contributions from several additional tributaries, Stony Brook enters Stony Brook Reservoir.  
The drainage area of Stony Brook Reservoir is 61.4 km2 and includes the drainage area of Hobbs Brook 
Reservoir as well as additional area in the towns of Lincoln, Weston and Waltham, MA.  The reservoir 
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receives water from one additional tributary and storm drains associated with Routes 128 and 20.  This 
narrow, steep-sided reservoir has a capacity of 1,200,000 m3 and a surface area 0.3 km2.  At full capacity, 
Stony Brook Reservoir has a mean depth of 4.4 meters, a maximum depth of 10.7 meters, and a 
maximum surface elevation of 24.6 meters above sea level.  State Route 128 divides Stony Brook 
Reservoir into two basins. 
Due to its large drainage area, Stony Brook Reservoir fills faster than Hobbs Brook Reservoir.   A 
dam at the southern end serves as the outlet of Stony Brook Reservoir and is controlled by a gatehouse 
and spillway.  An aqueduct at this gatehouse conveys water from Stony Brook Reservoir to Fresh Pond in 
Cambridge, MA.  Excess water flows over the spillway and into Stony Brook, which then joins the Charles 
River. 
Fresh Pond is a 0.63 km2 kettle hole glacial pond.  Fresh Pond has a storage capacity of 5,400,000 
m3, and a maximum depth of 15.2 meters.  The maximum reservoir elevation is 5.1 meters above mean 
sea level.  Fresh Pond has no inputs or outputs other than those associated with aqueduct and the 
treatment plant intake.  Water from this pond is treated in the Walter J. Sullivan Water Treatment 
Facility then stored in an underground reservoir located in Payson Park in Belmont, MA.  Water from the 
Payson Park reservoir is distributed to Cambridge residents.   
Water supply protection is a primary concern of the CWD.  In 1986, MassDOT reduced the sodium 
chloride load to highways in the Cambridge Reservoir watershed by 50-70% however there was no 
observed reduction in sodium concentrations within the reservoir after ten years (Waldron et al. 1998).  
The CWD and USGS continue to monitor concentrations of sodium and chloride in the tributaries and 
reservoirs of their system.  In December 2009 and October 2010 sodium and chloride concentrations for 
the three reservoirs and the City of Cambridge tap water were measured and the results are 
summarized in Table 3.1 (Cambridge Water Department, 2009; 2010).  Chloride concentrations are 
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below the EPA SMCL of 250 mg/L but sodium is consistently greater than the EPA DWEL of 20 mg/L in all 
reservoirs in the systems as well as in the city’s tap water.  Overall, the sodium loads to Stony Brook 
Reservoir from the Hobbs Brook Reservoir watershed are three times larger than from Stony Brook 
(Waldron et al. 2002). 
Table 3.1 - Water Quality Data for Cambridge Reservoirs 
(Cambridge Water Department, 2009; 2010) 










Hobbs Brook Reservoir 102 183 95 153 
Stony Brook Reservoir 74 152 85 128 
Fresh Pond Reservoir 64 132 82 137 










Figure 3.2 - Location Map 
3.3 USGS Monitoring System 
The U.S. Geological Survey (USGS) maintains a network of 11 gages and water quality monitoring 
stations throughout the Cambridge Reservoir watershed.  These gages are located on tributaries and 
outfalls of Hobbs Brook Reservoir and Stony Brook Reservoir.  Water quality and quantity data are also 
maintained at Fresh Pond in Cambridge.  Automated continuous monitoring equipment measures 
parameters such as gage height, flow, specific conductivity, temperature, and precipitation.  This data is 
available from the USGS data repository at www.usgs.gov.  The two stations selected for this study have 
subbasins with high percentages of state maintained highways and historically high specific conductivity 
levels.  One site is a tributary to Hobbs Brook Reservoir and the other site is tributary of Stony Brook 
Reservoir.  The two sites are independent of each other and flows from one site do not affect the flows 
at the other site.  A third station was used to obtain precipitation data.  Figure 3.1 shows the drainage 
basins for Hobbs Brook Reservoir and Stony Brook Reservoir as well as the USGS gages associated with 
this study and their corresponding subbasins.  Figure 3.2 shows the location of the study area in relation 
to the city of Cambridge and the state of Massachusetts as a whole.    
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3.3.1 USGS Station 01104415 
The USGS maintains a continuous monitoring station in Lexington, MA referred to as Cambridge 
Reservoir, unnamed tributary 2, near Lexington (USGS station 01104415).  This station is referred to as 
the Lincoln Street station throughout this report.  The station is located off of Lincoln Street in 
Lexington, MA at latitude 42°26’09” and longitude 71°15’38”.  The gage is 270 ft upstream of Hobbs 
Brook Reservoir.  Parameters measured at this station include gage height, discharge, specific 
conductivity, and temperature.  Measurements are made at 15 minute intervals and more frequently 
during times of high flow.  Data is reported via a telephone telemeter.  The period of record for this site 
is October 22, 1997 – September 22, 1998 and October 1, 2000 – present.   
The drainage area of this station is 1.07 km2 (0.41 mi2).  The Lincoln Street drainage area is shown in 
Figure 3.3 with both topographic and aerial coverage.  The watershed contains 12.3 lane miles of state 
maintained highway from Interstate 95/State Route 128 and on/off ramps associated with the 
interchange of Route 128 and Route 2A.  The predominate land use in the Lincoln Street subbasin is 
residential (47.1%).  As shown in Figure 3.5 other land uses include forest (18.2%), open (16.1%), state 
maintained roads (8.1%), commercial (6.4%), and locally maintained roads (5.0%).  The watershed for 
this site has a mean slope of 15%.  Compared to all other subbasins in the Cambridge Reservoir system, 




   
Figure 3.3 - Lincoln Street Subbasin 
The highway drainage system associated with Route 128 is directly connected to this tributary.  
A series of manholes, catch basins, retention basins and culverts route highway runoff directly to an 
outfall upstream of the Lincoln Street gage.   As shown in Figure 3.4, this tributary has a sandy, rocky 
bottom.  Figure 3.4 also shows the USGS station that controls the collection and distribution of data at 
this site.  The pictures in these figures were taken on June 10, 2010 and at the time the flow rate was 
107 gpm (0.24 ft3/sec).   
      




Figure 3.5 - Lincoln Street Lane Uses 
(Waldron and Bent, 2001) 
 
3.3.2 USGS Station 01104455 
USGS station 01104455 Stony Brook, unnamed tributary 1, near Waltham is located adjacent to 
the off ramp of Interstate 95/State Route 128 and Route 20 in Waltham, MA.  Throughout this report 
the station is referred to as the Waltham station.  The station is located at a latitude of 42°22’21” and a 
longitude of 71°16’15”.  Parameters measured at this site include gage height, discharge, chloride 
concentration, specific conductivity, temperature, and turbidity.  Measurements are recorded in 15 
minute intervals; during high flows measurements are made more frequently.  The period of record for 
this site is October 22, 1997 – September 22, 1998 and October 1, 2000 – present. 
The gage for this site is located at the opening of a culvert running under Route 128.  This 
unnamed tributary discharges into Stony Brook 0.7 km upstream from Stony Brook Reservoir.  A 
significant portion of the flow is from direct drainage of Route 128 and the Route 128/20 interchange.  A 
system of culverts, catch basins, and retention basins route runoff to the gage site.  Figure 3.6 shows the 
Waltham subbasin and corresponding topography.  From this figure, it is clear that the highway is a 
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USGS via cellular telemetry and Figure 3.8 shows the V-notch weir where measurements are made.  The 
pictures in Figure 3.7 and Figure 3.8 were taken on June 10, 2010 and the flow rate at the time was 275 
gpm (0.61 ft3/sec) 
The subbasin associated with this station has a drainage area of 1.2 km2 (0.48 mi2) and contains 
12.5 lane miles of state maintained Route 128 and Route 128/Route 20 ramps.  The distribution of land 
uses in the Waltham station subbasin, as shown in Figure 3.9, includes 35.2% forest, 20% industrial, 
14.9% residential, 9.1% open, 6.7% state maintained roads, and 4.5% locally maintained roads (Waldron 
and Bent 2001).  This subbasin has the second highest percent of state maintained roads in the whole 
Cambridge Reservoir Watershed. 
   










     







Figure 3.9 - Waltham Subbasin Lane Uses 
(Waldron and Bent, 2001) 
 
3.3.3 USGS Station 01104430 
USGS station 01104430 Hobbs Brook below Cambridge Reservoir near Kendal Green is located 
300 ft downstream of the gatehouse at the outlet of Hobbs Brook Reservoir.  This station monitors 
conditions at the outflow of the reservoir at 15 minute intervals.  Parameters measured at this site 
include gage height, discharge, water temperature, specific conductivity, reservoir elevation, reservoir 
storage, air temperature, and precipitation.  A heated tipping bucket with wind shield is used to collect 
precipitation data.  A telephone telemeter communicates date from the station to USGS.  The site is 
conveniently located between USGS stations 01104415 and 01104455 at latitude 42°23’53” and 
longitude of 71°16’26”.  The precipitation gage is located approximately 4.5 km south of the Lincoln 
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approximate precipitation data for hydraulic models of USGS stations 01104415 and 01104455.  Figure 








4 DATA COLLECTION AND REDUCTION 
Data from USGS stations 01104415, 01104455, and 01104430 were regularly downloaded from the 
USGS data repository available online at www.usgs.gov.  Data were collected at 15 minute intervals and 
graphed on a monthly basis.  These graphs are available in Appendix A.  The period of record for Lincoln 
Street is October 1997 to September 1998 and December 2003 to present.  The period of record for the 
Waltham site is October 1997 to September 1998 and October 2000 to the present year.  Due to 
periodic gaps in the data, this study looked at the data from November 2005 to October 2010, however, 
data from November 2005 through March 2006 was not available for Waltham.  Continuous water 
quality records were required to analyze the system because discharge and specific conductivity of 
highway runoff fluctuate significantly during storms and discrete and composite samples do not capture 
this variability (Granato et al. 1999).  
4.1 Rain Data 
Precipitation data was collected at USGS station 01104430 which is located in between the Lincoln 
Street and Waltham stations.  The depth of rain, measured in increments of 0.01 inches, was reported 
on a 15 minute basis.  Precipitation intensity in inches per hour was determined from this data.  This 
data was used as an input for the hydraulic model for both the Lincoln Street and Waltham sites.  The 
period of record for this gage is July 1997 to present.  The precipitation data matches well when 
compared to USGS gage 01104480 which measures precipitation at the outfall of Stony Brook Reservoir.   
4.2 Stream Flow Data 
Stream flow data from USGS gage stations was obtained from the USGS data repository.  The 
Waltham station has a v-notch weir and the Lincoln Street site determines stream discharge based on 
gage height and a rating curve.  Measurements were made at 15 minute intervals.  Stream flow was 
collected in units of cubic feet per second and graphed on a monthly basis in gallons per minute.       
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The streamflow data at both sites reflects precipitation events.  This suggests that the distance 
between each steam gage and the precipitation gage is small enough for the precipitation gage to be 
adequate for this study.   
4.3 Specific Conductivity Data 
Specific conductivity is a measure of the ability of a substance such as water to conduct an 
electrical current and is directly related to the concentration of ionic constituents in an aqueous solution 
(Wetzel, 2001).   In other words, specific conductivity is obtained from summing the ion concentration in 
meq/L multiplied by ionic conductance at infinite dilution for all species.  Specific conductivity is the 
reciprocal of specific resistance.  Measurements are made between two electrodes that are 1 cm apart 
and have an area of 1 cm2.  The standard measurement is made at 25°C and reported in units of micro 
Siemens per centimeter (µS/cm).  Specific conductivity increases as the concentration of dissolved ions 
increases so it is a useful parameter to use when accessing the salinity of a body of water. 
Specific conductivity measurements were made at both USGS gage stations at 15 minute intervals.  
Similar to the stream flow data, specific conductivity was measured at intervals of less than 15 minutes 
during times of high flow, however, only the 15 minute data was used for modeling purposes.  The 
specific conductivity period of record is the same as the stream flow data for each site. Specific 
conductivity was used as a surrogate for chloride concentration because it is an easier parameter to 
measure continuously in the field.  Specific conductivity is commonly used as a surrogate for chloride 
measurements in studies of deicing agent contamination (Ostendorf et al. 2006b; Trowbridge et al. 
2010).  This value is easier to measure than dissolved sodium, chloride, or calcium. 
 Ganato et al. (1999) and Church et at. (1996) emphasize the importance of continuous samples 
rather than discrete samples when analyzing specific conductivity in highway runoff because these 
measurements fluctuate significantly during the course of a storm.  Church et al. (1996) reported that 
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specific conductivity measurements in continuous highway runoff samples ranged from 2.69 to 63,275 
µS/cm, but only ranged from 37 to 51,500 µS/cm in discrete samples. 
Due to the deicing activities, chloride was assumed to be a predominate species at both sites and 
was assumed to be linearly correlated with specific conductivity.  A calibration factor of 0.25 was used to 
approximate chloride concentrations from specific conductivity.  This calibration factor converted 
specific conductivity in units of µS/cm to a chloride concentration with units of mg/L.  The linear relation 
between specific conductivity and chloride concentration deviates at high and low values and therefore 
may show a seasonal influence as a result of deicing activities.  Direct measurement of chloride would 
be required to determine a more accurate calibration factor however, that was beyond the scope of this 
study.  The USGS provides estimated chloride concentrations for the Waltham site based on specific 
conductivity and the super position technique of Granato and Smith (1999).  When compared, both 
methods provided similar estimated chloride concentrations.  
The stream flow and specific conductivity data with the chloride concentration calibration factor 
were use used to determine the load of chloride into the reservoirs at each station on a mass basis.  The 
results of that analysis are discussed throughout the rest of the report. 
4.4 Deicing Agent Applications 
Deicing agent application data was provided by MassDOT material expenditure reports.  Data is 
available for the six winter deicing seasons; from November 2004 to March 2010.  Each deicing season 
began with the first application of the winter; this usually occurred in November.  For consistency 
purposes, deicing years began in November and ended the following October.  For example, year 2006 
contains data for November 2005 through October 2006.  This data includes the mass in tons of salt, 
sand, and Pre-mix, and gallons of liquid calcium chloride applied to state maintained highways by each 
MassDOT facility in the area of interest as well as the lane miles serviced by each facility.  From this data, 
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the average mass of each deicing agent applied per lane mile could be determined.  The mass of deicing 
agent applied to each subbasin of interest was then approximated based on the total lane miles of state 
maintain highway in each subbasin.  
The Lexington 2A salt storage facility is responsible for applying deicing agents to 136 total lane 
miles.  This route includes Route 128 from Trapelo Road in Waltham to the Middlesex Turnpike, Route 
2A from Old Mass Ave in Lexington to Brattle Street in Arlington, Route 2A from Crosby Road in 
Lexington to Old Mass Ave, Hanscomb Drive, the Lexington Rest Area, and ramps for Trapelo Road, 
Winter Street, and 2A. 
The portions of Route 128 and Route 2A in the Lincoln Street watershed as well as the Route 2A 
exit ramp and service area are equivalent to 12.3 lane miles.  In other words, 9.04% of the lane miles 
serviced by the Lexington storage facility are in the Lincoln Street drainage area.  For each deicing agent 
application event, an average value load per lane mile was calculated for salt, Pre-mix, and liquid 
calcium.  This value was used to determine the load to the watershed.  This calculation assumes a 
constant application loading for all 136 lane miles.  In practice, road conditions and trouble spots such as 
on/off ramp likely receive larger loads of deicing materials.  For roadways in the Lincoln Street subbasin, 
yearly deicing agent loads ranged from 4.03 to 24.32 tons per lane mile for salt, 10.2 to 19.74 tons per 
lane mile for Pre-mix, and 111.4 to 283.82 gallons per lane mile for liquid calcium chloride.  The average 
annual deicing agent loads for the Lincoln Street watershed were 13.42 tons/lane mile salt, 14.92 
tons/lane mile Pre-mix, and 198.59 gallons/lane mile liquid calcium chloride.  Table 4.1 summarizes the 
loading rate per lane mile for each deicing material.   Loadings are influenced by severity and the 
number of storms during the winter season. 
The portion of Route 128 that is located in the watershed of the Waltham subbasin is serviced by 
the Weston salt storage facility.  This facility is responsible for applying deicing agents to 180 total lane 
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miles.  This route includes Route 128 from Route 9 to Route 20, Route 128 from Route 30 to Route 2, 
Route 20 from Eddy Street in Waltham to the Wayland town line, Route 9 east from Route 128 to High 
Street in Brookline Village, Route 9 west from Route 128 to the Natick town line, and all ramps 
associated with these highways. 
There are 12.5 highway lane miles in the Waltham subbasin.  The Waltham drainage area contains 
6.9% of the Weston lane miles.  A loading per lane mile value was determined using the same methods 
as for Lincoln Street and is also summarized in Table 4.1.  For roadways in the Waltham subbasin, yearly 
deicing agent loads ranged from 15.21 to 44.54 tons per lane mile for salt, 6.73 to 18.26 tons per lane 
mile for Pre-mix, and 2.78 to 189.22 gallons per lane mile for liquid calcium chloride.  The average 
annual deicing agent loads for the Waltham watershed were 29.9 tons/lane mile salt, 10.37 tons/lane 
mile Pre-mix, and 88.77 gallons/lane mile liquid calcium chloride.         
Table 4.1 - Deicing Agent Loads Per Lane Mile 
  Deicing Agent Loads Per Lane Mile 




























2005 18.6 24.32 14.64 227.79 8.5 44.54 8.71 2.78 
2006 6.33 14.72 15.5 199.43 4.18 24.66 9.46 151.11 
2007 6.78 4.03 10.2 116.91 1.38 15.21 6.73 31.11 
2008 7.51 17.62 18.6 252.21 1.44 34.38 11.91 189.22 
2009 20.46 10.01 19.74 283.82 4.58 39.29 18.26 150.83 
2010 12.97 9.84 10.86 111.4 5.63 21.34 7.17 7.54 
 
Overall, Weston uses more salt and less Pre-mix than Lexington.  This is likely due to the fact that 
the Lexington route has a higher percentage of reduced salt zones.  The load of each deicing agent to 
the watersheds of interest was determined using the load per lane mile values and the total lane miles 
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in each watershed.  The total annual load of each deicing material to the Lincoln Street and Waltham 
watersheds is shown in Figure 4.1 and Figure 4.2.   
 
Figure 4.1 - Lincoln Street Deicing Agent Application 
 In the Lincoln Street watershed, annual salt loadings ranged from 50 – 299 tons and were an 
average of 165 tons/year.  The minimum, maximum, and average Pre-mix loads were 125 tons/year, 243 
tons/year, and 184 tons/year.  Annual liquid calcium chloride loads ranged from 1370 – 3491 gallons and 
averaged 2443 gallons.  The minimum, maximum, and average annual sand loads were 78 tons, 252 
tons, and 149 tons.  In the Waltham watershed annual salt applications averaged 374 tons and ranged 
from 190 – 557 tons.  Pre-mix applications were on average 130 tons/year and ranged from 84 tons/year 
to 228 tons/year.  The minimum, maximum, and average Liquid calcium chloride loads were 35 
gallons/year, 2365 gallons/year and 1110 gallons/year in the Waltham watershed.  Finally, annual sand 
loads in Waltham averaged 54 tons and ranged from 17 tons to 106 tons.  Overall, the Lincoln Street 
watershed receives more Pre-mix and less salt than the Waltham watershed.  More liquid calcium 
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Figure 4.2 - Waltham Deicing Agent Application 
 
The portions of Route 128/95, Route 2A, and Route 20 that are in the Cambridge Reservoir 
watershed are designated as reduced salt zones.  The goal of reduced salt zones is to decrease the 
highway contribution of sodium to drinking water supplies.  Pre-mix is used in these areas to achieve a 
20% decrease in sodium chloride applied to the road.  Reduced salt zones cost an additional $2,000 per 
lane mile more than roads that are not reduced salt zones. (MassDOT 2006).  In reduced salt zones, Pre-
mix is applied in a 1:1 ratio with sand at a rate of 240 lb/lane mile.  Liquid calcium chloride is also used 
as a pre-treatment and to pre-wet salt.  The majority of the roads serviced by the Lexington 2A facility 
are designated as low salt zones while only part of the roads served by the Weston facility are 
designated as low salt zones.  The larger Pre-mix and liquid calcium chloride loads from the Lexington 2A 
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5 DISCUSSION OF RAW DATA 
Data was presented in monthly graphs of precipitation intensity, stream flow, and specific 
conductivity.   Seasonal and weather related tends can be seen in the raw data.  Four years of data, from 
November 2005 to October 2010, was used in this study. 
5.1 Precipitation 
Typically, storms began with low intensities, increased to a peak intensity, then taper off until the 
end of the storm.  However, it was not uncommon for the precipitation intensity to fluctuate during the 
storm.  Many storms had two or more peaks in precipitation intensity.  Storms of longer durations tend 
to have smaller peak intensities than shorter storms.  Longer storms tended to produce great 
precipitation depths.  Storms ranged in size from 0.1 inches to over 8 inches.  The duration of storms 
ranged from 0.5 hours to 92 hours.  The time between storms varied and ranged for less than one day to 
more than one week.  There were no prolonged periods without precipitation and every month had 
more than one rainfall event.  There is little seasonal variability in the precipitation data, however some 
summers were slightly dryer.  The average annual precipitation was 1,314 mm.  The average monthly 
precipitation from November 2006 to October 2010 was 110 mm.  A minimum monthly precipitation of 
16 mm occurred in March 2006.  The maximum monthly precipitation total was 430 mm and occurred in 
March 2010.  Figure 5.1 shows the total monthly precipitation at USGS gage 01104430 from November 




Figure 5.1 - Total Accumulated Precipitation Depth at USGS Gage 01104430 
 
Figure 5.2 shows a graph of typical precipitation intensities observed during storm events for the 
course of a month.  Storm intensities rise quickly to a peak and then fall.  Many storms can be modeled 
as pulse inputs. 
 





























Total Accumulated Precipitation 
































5.2 Stream Flow 
The trends in stream flow data at both sites reflect storm events indicated by the precipitation 
data.  Streamflow quickly increases during storm events and slowly decreases after the end of each 
storm.  Peak flows coincide with storm events.  Storms with greater intensities and durations resulted in 
larger peak flow responses.  The delay between the start of the storm and the initial increase in stream 
flow is often less than 15 minutes.  This suggests that the spatial variability of precipitation was not too 
large for the analysis and that the depression storage layer was not very large.  Peak flow rates follow 
peak precipitation intensities and fluctuations in precipitation appear in stream flow data.  Figure 5.3 
and Figure 5.4 show the monthly stream discharges for the Lincoln Street and Waltham sites over the 
study period.  The streamflows at the two sites are independent of each other.  Waltham flows are not 
influenced by discharges from the dam at Hobbs Brook Reservoir.   
Baseflow is the portion of streamflow that has entered the stream from a groundwater aquifer 
thereby maintaining stream flow in the absence of precipitation (Riggs, 1964).  In between rainfall 
events both streams would return to baseflow conditions, however this would not always occur before 
the next storm event.  Baseflow conditions tended to be larger in the winter and spring and lower in late 
summer and early fall.  According to Riggs (1964) seasonal variability in baseflow can be due to factors 
such as frozen precipitation in winter and increased evapotranspiration in summer.  The streams are 
perennial and flow year round.  At Lincoln Street, baseflow values tend to range from approximately 5 to 
100 GPM in the summer and fall and from 100 to 300 GPM in the winter and spring months.  At 
Waltham, baseflow values tend to range from 100 to 200 GPM in the summer and fall and from 200 to 
400 GPM in the winter and spring.  The lower baseflow values in summer are likely due to increased 






Figure 5.3 – Lincoln Street Monthly Stream Discharge 
 
 
Figure 5.4 - Waltham Monthly Discharge 
The peak observed flow rate at Lincoln Street is 38,313 GPM and occurred during a 3.58 inch, 23.5 
hour storm in September 2008.  The peak observed flow rate at Waltham was 56,435 GPM and occurred 








































Street is 4 GPM and occurred during several summer months.  The minimum observed flow rate for 
Waltham was 25 GPM and occurred in September 2007.  On average, the Waltham site tends to have 
greater flow rates than the Lincoln Street site.  This could be due to its slightly larger drainage area.   
At Lincoln Street, the average monthly discharge is 71,446 m3.  The maximum monthly discharge 
was 574,978 m3 and occurred in March 2010.  The minimum monthly discharge was 3,657 m3 and 
occurred in August 2010.  At the Waltham site, the average monthly discharge is 91,521 m3.  The 
minimum and maximum monthly discharges are 14,329 m3 and 706,782 m3. These conditions occurred 
during the months of August 2007 and March 2010 respectively.  The average, minimum, and maximum 
discharge are greater at Waltham than at Lincoln Street.  The magnitude of the monthly discharge 
correlates well with the monthly precipitation.  Figure 5.5 and Figure 5.6 show the range of flows that 
occurred at sites each month.  These figures show that the low flows are characteristic of the summer 
and fall seasons.  The maximum flows have greater seasonal variability.  The low flows are reflective of 
average monthly baseflow values.  Peak flows and baseflows are slightly greater at Waltham than 
Lincoln Street.     
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Figure 5.6 - Waltham Flow Range 
 
5.3 Specific Conductivity 
Trends in specific conductivity reflected storm events and deicing agent applications.  During typical 
storm events, the precipitation dilutes the stream flows causing a decrease in the specific conductivity.  
After the storm, the specific conductivity returns to its original value.  During winter storms when 
deicing agents have been applied to highways in the watersheds of interest, a spike in the specific 
conductivity values was observed.  Winter storms without deicing agent applications but after the first 
deicing agent application of the season resulted in only small spikes in the specific conductivity data.  
This small spike is likely due to residual deicing agents left on the roadway or in the drainage system 
from the previous storm.  During winter months, dilution caused by storms is not great enough to result 
in specific conductivity values that are lower than baseline.   In the winter, specific conductively 
generally increases and decrease with stream flow.  
After the last deicing agent application at the end of the deicing season, storms produce small, first 
flush concentration peaks in the specific conductivity data, followed by sharp dips in the specific 
conductivity due to dilution.  The first flush chloride spikes that occur after the completion of the deicing 
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(Ostendorf et al., 2001).  As the spring and summer progress, the first flush concentration spikes become 
smaller and less prominent and the dips caused by dilution become more pronounced.  In the spring, 
summer, and fall, specific conductivity decreases when runoff and stream flow increase.  After a storm 
event, as streamflow decrease, specific conductivity gradually increases until it returns to a baseline 
value. 
Baseline specific conductivity values do not vary significantly by season.  At the Lincoln Street 
station, baseline specific conductivity values tend to range from 1700 µS/cm to 2200 µS/cm.  At the 
Waltham station, baseline specific conductivity values tend to range from 900 µS/cm to 1100 µS/cm.  
Using the 0.25 calibration factor, these values correlate to chloride concentrations ranging from 425 
mg/L to 550 mg/L at Lincoln Street and 225 mg/L to 275 mg/L at the Waltham site.  Chloride 
concentrations at both sites are regularly above the 250 mg/L secondary maximum contaminate level.  
These high year round specific conductivity measurements could reflect transport and/or storage of 
deicing agents via groundwater.   
At Lincoln Street, the maximum specific conductivity recorded during the study was 21,500 µS/cm 
and occurred during January 2009; this correlates to a chloride concentration of 5,373 mg/L.  The 
minimum observed specific conductivity measurement was 28 µS/cm in October 2009 (7 mg Cl-/L).  At 
Waltham, the maximum recorded specific conductivity was a value of 99,292 µS/cm in December 2007.  
The minimum specific conductivity measurement of 1 µS/cm was observed in October 2006.  These 
measurements correlate to chloride concentrations of 24,823 mg/L and 0.25 mg/L.  Overall, there was 
no increasing or decreasing trend in average specific conductivity during the study period. 
The maximum monthly chloride concentrations were calculated from the maximum specific 
conductivity for each month and these values can be seen in Figure 5.7 for Lincoln Street and Waltham.  
As expected, maximum chloride concentrations are greatest during the winter months.  Winter chloride 
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maximums typically range from 1500 – 5000 mg Cl-/L at Lincoln Street and from 4000 – 8000 mg Cl-/L at 
Waltham.  The Lincoln Street maximum monthly chloride concentrations range from 445 mg/L (August 
2010) to 5,375 mg/L (January 2009).    The lowest observed monthly maximum chloride concentration at 
Waltham was 216 mg/L in November 2009.  The highest observed chloride concentration at Waltham 
was 24,823 mg/L in December 2007.  The maximum chloride concentrations decrease throughout the 
spring and are lowest during the summer and fall.  During the summer and fall, chloride concentrations 
are almost always below 600 mg/L. The maximum chloride concentrations tend to be greater at 
Waltham than at Lincoln Street. 
 
Figure 5.7 - Max Monthly Chloride Concentration 
Figure 5.8 shows minimum monthly chloride concentrations which are based on the specific 
conductivity data.  This figure shows that baseline chloride concentrations are slightly higher in the 
winter and in the summer.  At Lincoln Street, winter chloride concentrations are often above 400 mg/L.  
In the summer and fall chloride concentrations at Lincoln Street can drop to below 100 mg/L.  The 
minimum monthly chloride concentrations range from 7 mg/L to 610 mg/L at Lincoln Street.   Chloride 



























below 100 mg/L in the summer and fall.  The minimum monthly chloride concentrations range from 0.25 
mg/L to 199 mg/L at Waltham (October 2006 and February 2007).  Lincoln Street has greater minimum 
chloride concentrations than Waltham.  The greatest maximum and minimum concentrations occurred 
during deicing season months.  Minimum values occur in the late summer or early fall before the deicing 
season begins. 
 
Figure 5.8 - Minimum monthly chloride concentrations at Lincoln Street and Waltham 
 
5.4 Deicing Agent Application Data 
Once the load of deicing agents (in tons or gallons) to each watershed was determined, an 
equivalent chloride load was calculated.  Based on stoichiometry: 
1 ton Salt = 550 kg Cl- 
1 ton Calcium Chloride = 580 kg Cl- 
1 ton Pre-mix = 556 kg Cl- 




























Salt is composed of sodium chloride (Na = 23 g/mol, Cl = 35.5 g/mol).  Pre-mix is composed of 
80% NaCl and 20% CaCl2 (Ca = 40.1 g/mol).  Given this ratio, 1 ton of Pre-mix is equivalent to 556 kg 
Cl-.  Liquid calcium chloride (LCC) is a 32% by mass solution of solid calcium chloride.  Table 5.1 and 
Table 5.2 summarize the chloride load from highway deicing agents at the Lexington and Weston 
salt storage facilities.  During winter months with deicing agent applications, the minimum, 
maximum, and average chloride loads to the Lincoln Street watershed due to deicing agents from 
the Lexington facility were 1,433 kg, 111,823 kg, and 43,477 kg respectively.  The minimum, 
maximum, and average chloride loads to the Waltham watershed due to deicing agents from the 
Weston facility were 1,566 kg, 150,068 kg, and 61,987 kg respectively.  Chloride loads to the 













Table 5.1 - Lexington Salt Storage Facility Chloride Load 














November 2004 0 6,537 0 6,537 
December 2004 5,571 33,289 196 39,056 
January 2005 60,487 40,530 1,668 102,685 
February 2005 48,499 14,382 876 63,757 
March 2005 49,991 5,381 454 55,826 
November 2005 0 5,179 495 5,674 
December 2005 38,003 23,483 776 62,262 
January 2006 49,743 47,620 1,114 98,476 
February 2006 11,839 29,719 412 41,970 
December 2006 0 3,922 0 3,922 
January 2007 0 12,270 309 12,579 
February 2007 2,039 21,723 1,330 25,093 
March 2007 22,732 24,791 0 47,523 
April 2007 2,487 7,040 0 9,527 
November 2007 0 1,433 0 1,433 
December 2007 57,801 51,115 2,908 111,823 
January 2008 23,130 19,108 0 42,239 
February 2008 38,252 51,744 629 90,625 
March 2008 0 3,771 0 3,771 
December 2008 35,118 33,943 1,804 70,865 
January 2009 10,695 56,822 1,639 69,156 
February 2009 3,482 27,154 0 30,636 
March 2009 18,405 17,097 536 36,038 
December 2009 14,177 21,019 949 36,144 
January 2010 35,312 35,620 526 71,458 
February 2010 15,719 16,343 88 32,149 
March 2010 1,343 1,307 0 2,650 






Table 5.2 - Weston Salt Storage Facility Chloride Load 














November 2004 8,976  2,896  0  11,872  
December 2004 24,368  20,078  0  44,446  
January 2005 100,910  22,935  40  123,884  
February 2005 94,455  6,603  0  101,057  
March 2005 77,535  7,993  0  85,527  
October 2005 1,566  0  0  1,566  
November 2005 4,660  1,236  0  5,895  
December 2005 72,264  26,101  1,916  100,281  
January 2006 72,073  11,120  0  83,193  
February 2006 18,983  27,298  238  46,518  
December 2006 6,197  0  0  6,197  
January 2007 23,451  9,421  0  32,873  
February 2007 46,444  16,564  443  63,452  
March 2007 25,972  16,796  0  42,768  
April 2007 2,483  3,977  0  6,460  
December 2007 105,569  34,827  1,556  141,953  
January 2008 43,924  9,730  0  53,654  
February 2008 86,854  31,275  1,140  119,269  
March 2008 0  6,950  0  6,950  
December 2008 82,576  41,275  1,217  125,069  
January 2009 110,764  38,766  538  150,068  
February 2009 33,535  30,310  40  63,884  
March 2009 43,274  16,564  354  60,193  
December 2009 48,469  18,429  53  66,951  
January 2010 48,965  24,194  35  73,194  
February 2010 42,678  6,603  19  49,300  






Figure 5.9 - Lincoln Street Chloride Load from Highway Deicing Agents 
Figure 5.9 and Figure 5.10 show the relative contributions of chloride from each deicing material 
on an annual basis.  At the beginning of the study period, salt contributed the largest load of chloride at 
Lincoln Street.  More recently, the use of Pre-mix relative to salt at Lincoln has increased.  At Waltham 
salt contributes the largest amount of chloride and more salt than Pre-mix is used.  Liquid Calcium 
chloride contributes only a small percentage of the total chloride at Lincoln Street and Waltham.   
 














































5.5 Representative Data 
The graphs below show the connection between precipitation, specific conductively, stream flow, 
and deicing agent application data as well as how these relations change on a seasonal basis.  The 
particular months shown were selected to highlight noteworthy features.  Deicing agent applications are 
indicated.  These figures are all from Lincoln Street data however, the Waltham data exhibits the same 
trends.  All additional graphs are available in Appendix A. 
Figure 5.11 shows precipitation, specific conductivity, and flow data at Lincoln Street for the 
month of January 2008.  Each storm event that involved applications of salt and/or Pre-mix resulted in 
significant spikes in specific conductivity.  During the January 11th storm event deicing agents were not 
applied.  In this situation the specific conductivity data exhibits a small first flush spike due to residual 
deicing agents on the road surface followed by a decrease in specific conductivity due to dilution from 
the storm.    In between precipitation events, both specific conductivity and flow return to baseline 
levels and remain relatively constant.  Similar trends are also observed in Figure 5.12 which shows 












































































6 ANNUAL SCALE DATA ANALYSIS  
All precipitation, stream flow, specific conductivity and deicing agent application data were 
analyzed on an annual scale.  The annual scale was used to obtain an overall average and account for 
storage and delayed transport of the chloride.   
6.1 Runoff 
Figure 6.1 shows total annual precipitation at USGS station 01104430.  The average annual depth of 
precipitation was 1,314 mm and ranged from 1,130 mm to 1,530 mm.  The total depth of precipitation 
from November 2005 to October 2010 was 6.57 meters.  The annual precipitation depth was used to 
determine the volume of water that fell on each watershed and on the highway area in each watershed.  
The discharge at both sites was summed to obtain an annual total volume of water that went past each 
gage.  The annual runoff coefficient was described by dividing the total volume of water that fell on each 
watershed in a year by the total volume of water that flowed past each gage.  The annual runoff 
coefficient includes baseflow because infiltrated precipitation has likely discharged to the streams as 
baseflow on a yearly timescale.    
 
































Gage discharge at Lincoln Street ranged from 816,000 m3/year to 1,114,000 m3/year.  Total 
discharge at the gage over the course of the study was 4,360,000 m3.  The total precipitation inputs to 
the watershed and highway areas were 7,041,000 m3 and 570,000 m3.  The average annual runoff 
coefficient was 0.62.  Losses of water are likely due to evapotranspiration and infiltration.  On average, 
13% of the gage flow is directly from drainage of the highway surface.  In accordance with the percent of 
highway land use in the watershed, the highway water volume is 8.1% of the total watershed water 
volume.  These values are summarized in Table 6.1.  A graphical comparison of annual water volumes 
that fell on the Lincoln Street watershed, fell on the highway in the Lincoln Street watershed, and flowed 
past the Lincoln Street gage is provided in Figure 6.2.  This figure shows that the relative annual volumes 
of water for the watershed, the highway, and the gage.  As expected, more water falls on the watershed 
than flows past the gage and more water flows past the gage than falls on the highway.   
Table 6.1- Lincoln Street Annual Water Totals 














2006 1.25 867,000 109,000 1,342,000 0.65 
2007 1.13 683,000 98,000 1,206,000 0.57 
2008 1.53 880,000 133,000 1,642,000 0.54 
2009 1.24 816,000 108,000 1,329,000 0.61 






Figure 6.2- Lincoln Street Annual Water Volumes 
 Total annual water volumes were also calculated at the Waltham gage.  The annual discharge 
describes the total volume of water that pasted the gage.  The volume of water on the watershed and 
highway were determined based on their respective areas and the depth of precipitation.  For water 
year 2006, data was only available from April 2006 – October 2006.  Based on typical values, the 
estimated Waltham annual discharge for 2006 is closer to 900,000 m3.  The precipitation reported here 
is also only for the months of April 2006 – October 2006 so the annual runoff coefficient reflects the 7 
months of available data.  The total depth of precipitation at Waltham over the period of record used in 
this study was 6.15 meters.  The total gage discharge was 5,113,000 m3.  The total water inputs to the 
highway and watershed via precipitation were 495,000 m3 and 7,388,000 m3.  The average annual runoff 
coefficient at Waltham is 0.69.  The highway area directly contributes 10% of the streamflow volume.  
































Table 6.2 - Waltham Annual Water Totals 
















2006* 0.83* 579,000* 67,000* 996,000* 0.58 
2007 1.13 747,000 90,600 1,352,000 0.55 
2008 1.53 984,000 123,000 1,841,000 0.53 
2009 1.24 1,093,000 99,900 1,490,000 0.73 
2010 1.42 1,709,000 114,000 1,708,000 1.00 





Figure 6.3 - Waltham Annual Water Totals 
 
6.2 Chloride 
 Annual chloride values were also totaled for Lincoln Street and are summarized in Table 6.3 and 
Figure 6.4.  The chloride mass flux past the gage was determined from the specific conductivity and 
stream flow data.  The chloride load from highway deicing agents as determined from the application 































discharge at the gage and the total chloride flux at the gage.  Finally, the percent of chloride on the 
highway in relation to the chloride past the gage was determined by dividing the chloride load to the 
highway by the chloride flux past the gage.  An assumption of the annual analysis is that after one year, 
the majority of the applied deicing agents have been washed out of the watershed.  Chloride in baseflow 
represents stored chloride, however determining the year in which this chloride originated it beyond the 
scope of this study.  Some of the gage chloride flux at the gage could have originated in previous years 
or from local roads.  The total chloride input to the highway from November 2006 to October 2010 was 
906,000 kg.  The total mass of chloride exiting the watershed as measured from the gage was 1,244,000 
kg.  Overall, 73% of the chloride that entered the Cambridge Reservoir at Lincoln Street can be 
attributed to the application of deicing agents to state maintained roads. 
Table 6.3 - Lincoln Street Annual Chloride Values 
Lincoln Street Annual Chloride Values 
 
Chloride Flux Past 
Gage (kg) 












2006 254,000 208,000 294 82% 
2007 173,000 99,000 253 57% 
2008 296,000 250,000 337 84% 
2009 263,000 207,000 322 79% 





Figure 6.4 - Lincoln Street Annual Chloride Loads 
Total chloride loads were calculated and summed on an annual basis at Waltham.  The mass of 
chloride past the gage was determined from the specific conductivity and stream flow data.  The 
chloride load from highway deicing agents was determined for the MassDOT application data.  The 
average annual chloride concentration was determined from the mass of chloride past the gage and the 
total volume of water past the gage over the course of the year.  The percent chloride from highway was 
determined by comparing the mass of chloride applied to the highway with the mass of chloride at the 
gage.  The total mass of chloride past the gage from water years 2007 – 2010 (November 2007 to 
October 2010) was 1,016,000 kg and the total mass of chloride applied to the highway over this same 
time frame was 1,069,000 kg.  These values are summarized in Table 6.4 and Figure 6.5.  The overall 
relation of highway chloride mass to gage chloride mass is 105%.  This value means that more chloride 
was applied to the highway than entered the Cambridge Reservoir at the Waltham site.  Not all of the 
applied chloride was discharged to the reservoir.  The extra chloride could be stored in roadside soils 
and groundwater in the watershed.  It is possible that the highway deicing agent load is over estimated 
























Table 6.4 - Waltham Annual Chloride Values 

















2006* 82,000* 237,000 142 
 
2007 146,000 152,000 196 104% 
2008 276,000 322,000 281 117% 
2009 270,000 399,000 247 148% 
2010 324,000 197,000 189 61% 
*Values at Waltham for the year 2006 only include the months of April through October.   
 
 Once again, Waltham data for water year 2006 only contains the months of April 2006 – 
October 2006.  The 2006 Waltham chloride flux past gage is most likely closer to 250,000 kg based on 
typical data for the missing months. 
 



























7 MONTHLY SCALE DATA ANALYSIS 
All data was summarized and totaled by month.  Data was available for 60 months at Lincoln Street 
(November 2005 to October 2010) and 55 months at Waltham (April 2006 to October 2010).  The 
monthly scale data analysis captures seasonal trends in the data.  The seasonal component of this study 
is important due to the winter deicing agent applications.  There are observed seasonal trends in the 
monthly runoff coefficients and in the chloride fluxes.  While the depth of precipitation varies from 
month to month, there are no seasonal trends. 
7.1 Runoff 
 Monthly precipitation totals, including rainfall and snowfall, are shown in Figure 7.1.  These 
water depths were used to determine the monthly volume of water on each watershed and highway 
area.  Monthly discharge was determined at Lincoln Street and Waltham by totaling the stream flow 
data.  The total monthly gage discharge was compared to the total volume of water that fell on the 
watershed to determine monthly runoff coefficients.  The relative magnitudes of water volume inputs to 
the watershed and highway at Lincoln Street are compared to the water volume output at the gage in 
Figure 7.2.  Lincoln Street monthly water values are summarized in Table 7.1.  Monthly runoff 
coefficients compare the total volume of precipitation to the total volume of stream discharge and 
include baseflow.  The baseflow accounts for precipitation that has infiltrated and therefore has delayed 




Figure 7.1 - Total Monthly Precipitation 
   
 





















































































































































































Table 7.1 - Lincoln Street Monthly Water Totals 














November 2005 0.12 72,500 10,100 125,000 0.58 
December 2005 0.09 76,000 7,930 97,800 0.78 
January 2006 0.13 89,800 11,700 144,000 0.62 
February 2006 0.06 76,600 5,350 66,000 1.16 
March 2006 0.02 24,300 1,370 16,900 1.44 
April 2006 0.07 26,800 6,300 77,700 0.35 
May 2006 0.26 197,900 22,400 276,000 0.72 
June 2006 0.10 172,800 8,800 109,000 1.59 
July 2006 0.10 41,800 8,480 105,000 0.40 
August 2006 0.10 25,000 8,670 107,000 0.23 
September 2006 0.06 18,800 5,570 69,000 0.27 
October 2006 0.14 44,100 12,000 148,000 0.30 
November 2006 0.17 122,800 14,900 183,000 0.67 
December 2006 0.06 63,700 5,240 64,700 0.98 
January 2007 0.07 61,500 5,990 73,900 0.83 
February 2007 0.06 13,70 5,100 63,100 0.22 
March 2007 0.13 106,000 11,700 144,000 0.73 
April 2007 0.19 169,386 16,800 207,000 0.82 
May 2007 0.12 84,000 10,300 127,000 0.66 
June 2007 0.07 31,400 5,640 69, 006 0.45 
July 2007 0.12 15,300 10,800 133,000 0.11 
August 2007 0.02 3,790 1,520 18,800 0.20 
September 2007 0.04 5,100 3,570 44,000 0.12 
October 2007 0.07 6,930 6,270 77, 500 0.09 
November 2007 0.09 14,900 7,790 96,200 0.16 
December 2007 0.14 28,200 11,900 146,000 0.19 
January 2008 0.07 67,000 6,340 78,300 0.86 
February 2008 0.23 170,000 19,700 243,000 0.70 
March 2008 0.14 139,000 11,800 146,000 0.95 
April 2008 0.12 72,200 9,990 123,000 0.59 
May 2008 0.06 40,100 5,260 65,000 0.62 
June 2008 0.14 57,600 11,800 146,000 0.39 
July 2008 0.23 112,000 20,300 250,000 0.48 
August 2008 0.08 55,000 6,890 85,100 0.65 
September 2008 0.20 81,500 17,600 217,000 0.38 
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October 2008 0.04 34,900 3,650 45,100 0.77 
November 2008 0.11 48,400 9,860 122,000 0.40 
December 2008 0.17 161,000 14,500 179,000 0.90 
January 2009 0.07 63,100 5,770 71,200 0.89 
February 2009 0.05 70,000 4,320 53,300 1.31 
March 2009 0.07 79,100 6,430 79,400 1.00 
April 2009 0.10 80,100 9,070 112,000 0.72 
May 2009 0.06 33,500 5,330 65,800 0.51 
June 2009 0.12 43,500 10,400 128,000 0.34 
July 2009 0.24 142,000 21,100 260,000 0.55 
August 2009 0.06 35,500 5,090 62,800 0.57 
September 2009 0.05 14,400 4,210 51,900 0.28 
October 2009 0.13 44,300 11,700 144,000 0.31 
November 2009 0.11 69,000 9,750 120,000 0.57 
December 2009 0.12 87,600 10,200 126,000 0.70 
January 2010 0.09 75,400 7,500 92,700 0.81 
February 2010 0.13 120,00 11,400 140,000 0.86 
March 2010 0.43 575,000 37,500 463,000 1.24 
April 2010 0.05 91,100 4,180 51,600 1.76 
May 2010 0.08 32,900 7,090 87,500 0.38 
June 2010 0.09 22,000 7,640 94,300 0.23 
July 2010 0.04 4,440 3,870 47,800 0.09 
August 2010 0.11 3,660 9,640 119,000 0.03 
September 2010 0.06 3,980 4,980 61,400 0.06 
October 2010 0.11 28,700 9,700 120,00 0.24 
 
The Lincoln Street monthly runoff coefficients range from 0.03 to 1.59 and exhibit seasonal 
trends which are shown in Figure 7.3.  High monthly runoff coefficients in the winter are likely due to 
several factors.  Frozen ground surfaces result in decreased infiltration and increased surface runoff.  
Additionally, losses due to evapotranspitation are lower in the colder winter months.  The combination 
of precipitation and melting snow pack at the end of winter and in the spring result in high monthly 
runoff coefficients in March, and April.  The sum of precipitation and snowmelt explains monthly runoff 
coefficients that are greater than 1.0.  Monthly runoff coefficients tend to be lower in the summer and 




Figure 7.3 - Lincoln Street Monthly Runoff Coefficients 
Monthly input and output water volumes were also calculated at Waltham for the whole 
watershed, the highway area, and the gage.  These values for the 55 months on record are summarized 
in Figure 7.4 and Table 7.2.  The watershed and highway discharges are directly related to the monthly 
depth of precipitation.  The monthly gage discharge is influenced by the precipitation and season factors 
such as snowmelt and evapotranspiration.  Typically, the Waltham gage discharge is larger in the spring 
and smaller in the summer and fall.  The Waltham gage discharge for the month of March 2010 likely 
has significant error in it.  That particular month experienced the largest storm and had the greatest 
monthly precipitation for over the entire period of record.  It is likely that volume of water produced by 
the storm exceeded the capacity of the weir so the calculated discharge may not be accurate.  On 
















































































































































































Figure 7.4 - Waltham Monthly Water Values 
Monthly runoff coefficients were also calculated for Waltham and are shown in Figure 7.5.  
Discounting April 2010, monthly runoff coefficients at Waltham ranged from 0.20 in December 2007 to 
1.46 in June 2006.  The range of monthly runoff coefficients is smaller at Waltham than at Lincoln Street.  
The weir backup caused by the March 2010 storms is reflective in the calculated April 2010 runoff 
coefficient.  According to the data, 450% more water flowed through the weir than fell on the 
watershed that month.  The majority of that extra water originated during the March 2010 storms.  In 
general, Waltham monthly runoff coefficients are larger in the late winter and spring and smaller in the 
































































































































































Table 7.2 - Waltham Monthly Water Values 



































April 2006 0.07 26,200 5,840 87,200 0.30 
May 2006 0.26 211,000 20,800 310,000 0.68 
June 2006 0.10 178,000 8,170 122,000 1.46 
July 2006 0.10 47,000 7,860 117,000 0.40 
August 2006 0.10 40,600 8,050 120,000 0.34 
September 2006 0.06 30,900 5,170 77,100 0.40 
October 2006 0.14 46,100 11,100 166,000 0.28 
November 2006 0.17 87,300 13,800 206,000 0.42 
December 2006 0.06 50,100 4,860 72,500 0.69 
January 2007 0.07 58,800 5,560 82,900 0.71 
February 2007 0.06 17,200 4,740 70,700 0.24 
March 2007 0.13 114,000 10,800 161,000 0.71 
April 2007 0.19 202,000 15,600 232,000 0.87 
May 2007 0.12 94,900 9,540 142,000 0.67 
June 2007 0.07 44,200 5,230 78,000 0.57 
July 2007 0.12 30,800 9,990 149,000 0.21 
August 2007 0.02 14,300 1,410 21,000 0.68 
September 2007 0.04 15,200 3,310 49,400 0.31 
October 2007 0.07 18,000 5,820 86,900 0.21 
November 2007 0.09 23,500 7,230 108,000 0.22 
December 2007 0.14 32,800 11,000 164,000 0.20 
January 2008 0.07 78,400 5,880 87,800 0.89 
February 2008 0.23 187,000 18,300 272,000 0.69 
March 2008 0.14 143,000 11,00 164,000 0.87 
April 2008 0.12 84,500 9,270 138,000 0.61 
May 2008 0.06 55,400 4,880 72,800 0.76 
June 2008 0.14 54,500 11,000 164,000 0.33 
July 2008 0.23 136,000 18,800 281,000 0.48 
August 2008 0.08 56,600 6,390 95,400 0.59 
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September 2008 0.20 87,600 16,300 243,000 0.36 
October 2008 0.04 44,600 3,390 50,600 0.88 
November 2008 0.11 48,800 9,150 137,000 0.36 
December 2008 0.17 191,000 13,500 201,000 0.95 
January 2009 0.07 105,000 5,350 79,900 1.32 
February 2009 0.05 86,400 4,000 59,700 1.45 
March 2009 0.07 118,000 5,960 89,000 1.33 
April 2009 0.10 120,000 8,410 126,000 0.95 
May 2009 0.06 70,100 4,940 73,800 0.95 
June 2009 0.12 64,900 9,620 144,000 0.45 
July 2009 0.24 120,000 19,500 292,000 0.41 
August 2009 0.06 54,100 4,720 70,400 0.77 
September 2009 0.05 46,700 3,900 58,200 0.80 
October 2009 0.13 67,500 10,800 162,000 0.42 
November 2009 0.11 87,500 9,050 135,000 0.65 
December 2009 0.12 130,000 9,440 141,000 0.92 
January 2010 0.09 95,500 6,960 104,000 0.92 
February 2010 0.13 147,000 10,500 157,000 0.94 
March 2010 0.43 707,000 34,800 519,000 1.36 
April 2010 0.05 261,000 3,880 57,900 4.50 
May 2010 0.08 69,000 6,580 98,100 0.70 
June 2010 0.09 61,600 7,090 106,000 0.58 
July 2010 0.04 27,700 3,590 53,600 0.52 
August 2010 0.11 50,000 8,950 134,000 0.37 
September 2010 0.06 28,700 4,620 68,900 0.42 





Figure 7.5 - Waltham Monthly Runoff Coefficients 
 
7.2 Chloride 
 The input mass of chloride to the watershed via deicing agents and the output mass of chloride 
via the gage were totaled on a monthly basis in order to observe season trends.  These input and output 
masses are shown in Figure 7.6 and Table 7.3 for Lincoln Street.  Chloride inputs in the form of highway 
deicing agents only occur during winter months and are zero in all other months.  Chloride outputs at 
the gage occur year round but exhibit season trends.  The gage chloride output is influenced primarily by 
the application of highway deicing agents and secondly by the stream flow volume.  Chloride outputs at 
the gage are largest during months when deicing agents have been applied to the highway.  In general, 
the gage chloride output decreases with each successive month after the conclusion of the winter 
deicing season.  However, summer and fall months that are long after the completion of the deicing 
season can deviate from this trend if the stream flows are larger than usual.  
Based on the stream flow and specific conductivity data at the Lincoln Street gage, the average, 




























































































































































respectively.  The minimum monthly chloride load occurred in August 2010 and maximum occurred in 
March 2010.  Only a relatively small amount of deicing materials were applied to roadways in March 
2010, however the high chloride flux in this month is likely due to residual deicing agents on the 
roadways and in the drainage system from the previous winter season and unusually high precipitation 
during that month.  After March 2010, the second largest monthly chloride flux was 71,400 kg and 
occurred in February 2008.    
 
Figure 7.6 - Lincoln Street Monthly Chloride Loads 
Average chloride concentrations were determined at Lincoln Street using the total chloride mass 
and water volume past the gage.  Summarized in Table 7.3, the average chloride concentrations ranged 
from 130 mg/L in August 2010 to 1,123 mg/L in December 2007.  The average monthly chloride 
concentration at Lincoln Street was greater than the 205 mg/L EPA secondary maximum contaminant 




























































































































Monthly Lincoln Street Chloride Loads
Gage Chloride Highway Chloride
92 
 
The percent of chloride from highway was calculated on a monthly basis by comparing the 
chloride load due to highway deicing agents to the chloride flux past the gage.  During the winter 
months these values are typically greater than 100%.  This means that all the chloride applied to the 
highway in a given month is not removed during that same month.  The output of chloride via the gage 
occurs throughout the year.  This is due to storage and varying transport times of chloride.  The percent 
of chloride from highway has a value of 0% during months outside of the deicing season.  All Lincoln 
Street monthly chloride values are summarized in Table 7.3. 
Table 7.3 - Lincoln Street Monthly Chloride Values 
Lincoln Street Monthly Chloride Values 
 




























































November 2005 22,200 5,670 307 26% 
December 2005 36,200 64,300 476 172% 
January 2006 50,800 98,500 566 194% 
February 2006 27,700 42,000 362 151% 
March 2006 12,100 0 498 0% 
April 2006 9,670 0 360 0% 
May 2006 33,500 0 169 0% 
June 2006 30,900 0 179 0% 
July 2006 12,300 0 294 0% 
August 2006 5,190 0 208 0% 
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September 2006 5,740 0 305 0% 
October 2006 7,980 0 181 0% 
November 2006 19,200 0 156 0% 
December 2006 15,800 3,920 249 25% 
January 2007 20,000 12,600 324 63% 
February 2007 9,140 25,100 666 275% 
March 2007 34,700 47,500 328 137% 
April 2007 38,000 9,530 224 25% 
May 2007 20,500 0 244 0% 
June 2007 8,740 0 279 0% 
July 2007 3,120 0 204 0% 
August 2007 1,670 0 440 0% 
September 2007 929 0 182 0% 
October 2007 1,100 0 159 0% 
November 2007 3,160 1,430 212 45% 
December 2007 31,600 112,000 1123 354% 
January 2008 40,100 42,200 600 105% 
February 2008 71,400 90,600 419 127% 
March 2008 48,200 3,770 347 8% 
April 2008 20,100 0 279 0% 
May 2008 14,700 0 367 0% 
June 2008 10,900 0 190 0% 
July 2008 17,900 0 150 0% 
August 2008 15,400 0 280 0% 
September 2008 11,200 0 137 0% 
October 2008 11,600 0 333 0% 
November 2008 10,000 0 207 0% 
December 2008 51,700 70,900 320 137% 
January 2009 59,500 69,200 943 116% 
February 2009 51,300 30,600 733 60% 
March 2009 50,000 36,000 632 72% 
April 2009 27,500 0 343 0% 
May 2009 14,600 0 436 0% 
June 2009 11,500 0 264 0% 
July 2009 25,600 0 180 0% 
August 2009 11,100 0 313 0% 
September 2009 5,060 0 352 0% 
October 2009 11,200 0 253 0% 
November 2009 11,900 0 172 0% 
December 2009 23,700 36,100 270 153% 
January 2010 35,500 71,500 471 201% 
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February 2010 36,100 32,100 300 89% 
March 2010 96,900 2,650 168 3% 
April 2010 28,800 0 316 0% 
May 2010 9,970 0 302 0% 
June 2010 6,640 0 302 0% 
July 2010 1,470 0 331 0% 
August 2010 476 0 130 0% 
September 2010 1,090 0 275 0% 
October 2010 5,390 0 188 0% 
 
Monthly chloride inputs from highway deicing agents and monthly chloride flux at the gage 
were totaled at Waltham.  These values were used to calculated monthly average chloride 
concentrations and values describing the percent of chloride from the highway.  These results are shown 
in Figure 7.7 and Table 7.4.  Monthly Waltham data is available to a total of 55 months beginning with 
April 2006 and ending with October 2010.  Highway chloride loads only occur in the winter, however, 
chloride exits the watershed at the gage on a year round basis. 
 
Figure 7.7 - Waltham Monthly Chloride Values 
During the winter chloride loads from highway deicing agents ranged from 1,570 kg (October 

































































































Monthly Waltham Chloride Loads
Gage Chloride Highway Chloride
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September 2007 to 104,000 kg in March 2010.  The high March 2010 chloride load is likely due to the 
combination recently applied and residual dicing agents and the exceptionally large precipitation and 
stream flow that month.  This high monthly chloride load does not reflect excessive large applications of 
deicing materials, but rather the large stream discharge.  Disregarding March 2010, the largest monthly 
chloride flux at Waltham was 65,800 kg in February 2008.  The average monthly chloride load at 
Waltham was 19,700 kg.  Generally, the gage chloride flux is largest in the winter and decreases 
throughout the rest of the year.  The chloride flux is lowest towards the end of the summer and the fall.  
During the winter months the mass of chloride applied to the highway is usually greater than the mass 
of chloride that exits the watershed at the gage.  When compared, the mass of chloride applied to the 
highway is typically 150 to 500% greater than gage chloride during typical winter months.  The chloride 
that is not removed during the month in which it is applied is removed during later months. 
Average monthly chloride concentrations were calculated at Waltham using the total monthly 
mass of chloride and volume of water at the gage.  Average monthly chloride concentrations were 
greatest in the winter and smallest in the summer and fall.  The maximum average chloride 
concentration was 1,220 mg/L and occurred in December 2007.  The minimum average chloride 
concentration was 910 mg/L and occurred in October 2006.  In 11 out of 55 months, the average 







Table 7.4 - Waltham Monthly Chloride Values 
Waltham Monthly Chloride Values 
 
















































































April 2006 5,040 0 193 0% 
May 2006 29,400 0 140 0% 
June 2006 23,600 0 133 0% 
July 2006 7,990 0 170 0% 
August 2006 6,690 0 165 0% 
September 2006 5,190 0 168 0% 
October 2006 4,210 0 91 0% 
November 2006 9,060 0 104 0% 
December 2006 8,700 6,200 174 71% 
January 2007 13,200 32,900 225 249% 
February 2007 11,900 63,500 689 535% 
March 2007 34,100 42,800 298 126% 
April 2007 34,400 6,460 170 19% 
May 2007 16,100 0 169 0% 
June 2007 8,380 0 190 0% 
July 2007 3,900 0 127 0% 
August 2007 2,930 0 205 0% 
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September 2007 1,900 0 125 0% 
October 2007 1,950 0 108 0% 
November 2007 2,480 0 106 0% 
December 2007 40,100 142,000 1221 354% 
January 2008 35,000 53,700 446 153% 
February 2008 65,800 119,00 351 181% 
March 2008 46,600 6,950 326 15% 
April 2008 17,000 0 201 0% 
May 2008 13,100 0 236 0% 
June 2008 8,870 0 163 0% 
July 2008 15,400 0 114 0% 
August 2008 12,200 0 215 0% 
September 2008 9,540 0 109 0% 
October 2008 10,200 0 228 0% 
November 2008 6,660 0 137 0% 
December 2008 41,600 125,000 217 301% 
January 2009 49,400 150,000 470 303% 
February 2009 37,600 63,900 435 170% 
March 2009 38,700 60,200 328 155% 
April 2009 24,200 0 202 0% 
May 2009 16,100 0 229 0% 
June 2009 10,900 0 168 0% 
July 2009 16,700 0 139 0% 
August 2009 11,200 0 207 0% 
September 2009 7,830 0 168 0% 
October 2009 9,070 0 135 0% 
November 2009 13,000 0 149 0% 
December 2009 30,800 67,000 238 217% 
January 2010 34,700 73,200 364 211% 
February 2010 39,500 49,300 269 125% 
March 2010 104,000 7,190 147 7% 
April 2010 56,700 0 217 0% 
May 2010 13,100 0 189 0% 
June 2010 9,720 0 158 0% 
July 2010 5,760 0 208 0% 
August 2010 5,900 0 118 0% 
September 2010 4,660 0 162 0% 




Figure 7.8 and Figure 7.9 compare the monthly chloride fluxes and average chloride 
concentrations at Lincoln Street and Waltham.  These figures show the similarity between the season 
trends at Lincoln Street and at Waltham.  Typically, Lincoln Street has a slightly higher average chloride 
concentration than Waltham.    
 
Figure 7.8 - Monthly Chloride Flux at Lincoln Street and Waltham 
 
 


















































8 STORM SCALE HYDRAULIC MODEL  
A streamflow hydrograph is a graph of stream discharge versus time (Dingman, 1994).  Generally 
hydrographs increase quickly, peak, and then decay gradual.  The shape of hydrographs are influenced 
by a number of factors such as watershed size, precipitation duration and intensity, runoff travel time, 
watershed shape, soil saturation, and surface topography.  Hyetographs, which are graphs of water 
input versus time, are useful for modeling hydrographs (Dingman, 1994).  Hydraulic models are useful 
for modeling stream flow during given storm events.   
A unit hydrograph describes the response of a watershed to a given unit of water such as 1 inch of 
precipitation.  Additional hydrographs can be based off of the unit hydrograph to model other 
precipitation inputs.  An instantaneous unit hydrograph (IUH) describes a unit hydrographs where the 
time of the precipitation input is infinitesimally small, or instantaneous (Dingman, 1994).  Nash (1960) 
used linear reservoir to route surface runoff through a watershed.  For linear reservoirs, the outflow of 
each successive reservoir is the inflow for the next reservoir.  Furthermore Nash (1960) worked with the 
principle that stream flow is linearly related to effective rainfall when developing an empirical model.  
Nash’s model utilized a convolution integral of precipitation and an instantaneous unit hydrograph.  The 
convolution integral allows a hydrograph to be developed from any storm.  The convolution integral 
allows the individual response of multiple “unit” storms to be superimposed.  This method assumes that 
precipitation is uniformly distributed over the watershed. 
At the beginning of a storm, runoff is often briefly delayed due to a small amount of water being 
stored in a surface depression storage layer (Ostendorf et al. 2001).  Highway pavement can be a form 
of the depression storage layer.  Runoff does not begin until the depression storage layer is filled.  
Ostendorf et al. (2001) applied the classical linear reservoir theory of Nash (1960) to model a highway 
drainage system.  The linear reservoir theory utilizes a convolution integral of precipitation and an 
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instantaneous unit hydrograph to model surface water runoff in a watershed.  Storm hyetographs were 
used as the input to this model.  The hydrographs produced by this model attributed the initial increase 
in discharge at the beginning of the storm, the gradual decay in discharge at the end of the storm, and 
then the slow approach to a constant discharge to runoff, interflow, and baseflow respectively. 
8.1 Storm Selection 
The precipitation data from USGS gage 01104430 was used as the input for the hydraulic models 
for Lincoln Street and Waltham.  The storms modeled varied in duration, intensity, and depth of water.  
Selected storms were isolated from other precipitation events.  In ideal situations there was no 
precipitation for several days before and after the storm of interest.  Streams were at constant baseflow 
values prior to the start of the storm and returned to constant baseflow values before the next 
precipitation event.  This way, the stream’s response to the individual storm could be observed.  Ideal 
storms had a single peak.  When possible, storm events were modeled at both the Lincoln Street and the 
Waltham sites.  In the IUH analysis Nash (1960) selected storms that were spatially uniform, had short 
durations, and high intensities.  Sufficient time also elapsed between storms.  While stream flow can 
fundamentally be divided into runoff and baseflow, Nash (1960) noted that this concept is often 
unrealistic for modeling purposes.   
A total of 115 storms at Lincoln Street and 109 storms at Waltham were modeled.  These storms 
ranged in size from 3.8 mm (0.15 in) to 108 mm (4.25 in) and lasted between 0.25 hours and 68.5 hours.  
All storms were large enough to produce a significant runoff response.  Typically the storms began with 
small intensities, increased rapidly to a maximum intensity, then decreased until precipitation ended.  
Some storms exhibited multiple precipitation intensity peaks.  Storms were analyzed in all seasons. 




Figure 8.1 - Example Hyetograph  
8.2 Hydraulics 
The hydraulic model (Equation 1) used at the Lincoln Street and Waltham sites is based on the 
linear reservoir theory.  Precipitation intensity (P) was used as the input for the model as well as the 
constant baseflow (QB), outflow (QR), and watershed area (AS).  The model produces calibrated 
parameters for a storm scale runoff coefficient (CR), a decay constant (λ), and a depression storage layer 
depth (ζ).  Constant 15 minute (900 second) time intervals were used and the number of time steps (n) 
varied by storm.  Runoff was not allowed to begin until the precipitation had reached a depth such that 
it would fill the depression storage layer.   
Equation 1 was solved using the LaPlace transformation and the initial condition given in Equation 2 
to obtain Equation 3 which is a convolution integral of precipitation intensity.  Excel Visual Basic and the 
Fibonacci search method were used to optimize the model parameters.  The Fibonacci Search optimizes 
the parameters by narrowing the range they can be located in.  For each iteration, the top or bottom 
38% are eliminated by minimizing the average error.  The error is defined by the root mean square error 











































The hydrograph shape varied by storm, but all hydrographs had certain common characteristics.  
Streamflow did not begin until approximately 15 to 30 minutes after precipitation began.  This was 
caused by the depression storage layer and runoff travel time.  The short response time suggests that 
the depression storage layer does not play a significant role in the overall runoff and that the travel time 
from the highway surface to the stream outlet is relatively short.  Once the depression storage layer 
filled, stream flow increased rapidly, peaked, the decayed slowly.  Finally, the hydrograph returned to 
baseflow.  Storms with multiple peak intensities were reflected with corresponding hydrograph peaks.  
Overall the hydraulic model under predicted peak stream flows.  Example hydrographs for Lincoln Street 
and Waltham using the hyetograph in Figure 8.1 are shown in Figure 8.2.  The circles are measured flow 
values and the line is the flow predicted by the model. 
Storms were independently calibrated then the parameters were seasonally averaged to determine 
trends in the calibrated parameters.  These results are summarized in Table 8.1 and Table 8.2.  The 




Figure 8.2 - Example Hydrograph 
At Lincoln Street, the seasonally averaged storm scale runoff coefficient ranged from 0.285 to 
0.489.  These values mean that on a storm scale, 28.5% to 48.9% of the precipitation that fell on the 
watershed traveled to the stream outflow during the storm or shortly after.  The runoff coefficient was 
largest in the winter and smallest in the fall.  Spring values were larger than summer values.  Lincoln 
Street decay constants were fasters in the winter and slowest in the summer.  The depression storage 
layer ranged from 0.0044 meters to 0.0078 meters.  The calibrated depression storage layer was smaller 
in the winter and spring and larger in summer and fall.       
Table 8.1 - Lincoln Street Seasonally Averaged Hydraulic Model Parameters 
















Winter 0.489 8.03E-05 0.0044 0.0329 
Spring 0.422 1.27E-04 0.0056 0.0212 
Summer 0.352 1.65E-04 0.0078 0.0426 
Fall 0.285 1.40E-04 0.0072 0.0220 
 
 There was less season variability in the calibrated parameters at the Waltham site.  The 






































largest runoff coefficient was observed in the winter and the smallest was observed in the fall.  This 
winter/fall seasonal trend is similar to Lincoln Street.  Waltham decay constants were larger than Lincoln 
Street and ranged from 2.96 * 10-4 s-1 to 6.43 * 10-4 s-1.  Similar to Lincoln Street, the Waltham calibrated 
depression storage layer was smaller in the winter and spring and larger in the summer and fall.  The 
seasonally averaged calibrated Waltham depression storage layer ranged from 0.0032 m – 0.0068 m.    
Table 8.2- Waltham Seasonally Averaged Hydraulic Model Parameters 

















Winter 0.258 2.96E-04 0.0032 0.0423 
Spring 0.239 4.01E-04 0.0041 0.0395 
Summer 0.232 6.43E-04 0.0068 0.0638 





9 DISCUSSION  
Water from baseflow and highway drainage systems enters Hobbs Brook Reservoir and Stony Brook 
Reservoir at USGS gages 01104415 (Lincoln Street) and 01104455 (Waltham).  On a yearly basis, 62% of 
the precipitation that falls on the Lincoln Street watershed and 68% of the precipitation that falls on the 
Waltham watershed travel via surface runoff, interflow, and baseflow to watershed outlets at the gages.  
The monthly and storm scale analyses show season trends in the distribution of precipitation discharge 
at the watershed outlets.  Runoff coefficients were largest in the winter and decreased from spring to 
summer to fall.  The greatest range and variability in runoff coefficients was seen in the monthly scale 
analysis.  At both Lincoln Street and Waltham, the storm scale runoff coefficients tended to be smaller 
than the monthly and annual runoff coefficients.  This suggests that a significant portion of the 
streamflow on a yearly basis is comprised of baseflow rather than direct highway runoff.     
Dissolved chloride enters the Hobbs Brook Reservoir and Stony Brook Reservoir via highway runoff 
and baseflow on a year round basis.  Significant loads of chloride enter during winter months and in 
particular during winter storm events.  On average, 73% of the chloride that enters Hobbs Brook 
Reservoir at Lincoln Street comes from the application of deicing agents to state maintained roads and 
105% of the chloride entering Stony Brook Reservoir at the Waltham site originated from highway 
deicing agents.  The remaining 27% of chloride entering Hobbs Brook Reservoir at Lincoln Street may be 
due to contaminated groundwater and deicing of local roads.   
More chloride is applied to the state maintained roads in the Waltham watershed than leaves the 
watershed via the gage station.  Excess chloride may be stored within the watershed soils and 
groundwater.  Other sources of chloride may exists in the Waltham watershed, however, all of the 
chloride entering Stony Brook Reservoir that that site can be attributed to the deicing of state 
maintained roads.   
106 
 
While chloride loads are greatest during the winter, summer and fall loads suggest considerable 
transport of deicing agents via groundwater.  The combination of direct storm runoff and groundwater 
contributions results in varying transport mechanics and travel times of chloride from the highway 
surface to the Cambridge Reservoir.  The multi-scale transport times makes it difficult to determine the 






10 CONCLUSIONS AND RECOMMENDATIONS 
10.1 Conclusions  
The majority of chloride entering the Cambridge Reservoir system via USGS gage 0114415 (Lincoln 
Street) and USGS gage 01104455 (Waltham) originates from the application of deicing agent to state 
maintained roads by MassDOT.  The resulting chloride concentrations at these two tributaries exceed 
the EPA SMCL of 250 mg/L during the majority of the year.  Dilution provided by other tributaries in the 
Cambridge Reservoir watershed, maintain the chloride concentrations of water in Hobbs Brook 
Reservoir, Stony Brook Reservoir, and Fresh Pond which is just prior to treatment at acceptable levels.  
On average the annual chloride load to the Cambridge drinking water supply is 249,000 kg at Lincoln 
Street and 254,000 kg at Waltham.  Both season hydraulics and chloride loadings affect the flux of 
chloride to the Cambridge Reservoir.  High baseflow chloride concentrations suggest that chloride is 
transported via surface and groundwater. 
During winter storms that require applications of deicing agents, some chloride enters the reservoir 
while the storm is in progress as part of a first flush load.  However, not all of the applied deicing agents 
are removed from the watershed during and individual storm.  In reality, deicing agents remain on the 
roadway, in roadside soils, or in the highway drainage system throughout the year.  
While it is likely that other sources throughout the watershed contributed fluxes of chloride to the 
reservoir, these sources are insignificant compared to the state maintained highways.  These sources 
may include applications of deicing agents to private parking lots, locally maintained roadways, and 
residential driveways.  Even more insignificant are chloride loads due to septic systems, geologic 




The largest source of error in this analysis is likely associated with the deicing agent application 
estimates.  Based on available data, uniform application rates were assumed for large areas.  Data 
specific to the study area would benefit the accuracy of the results.  More accurate measures of the lane 
miles in each watershed would also improve the results because the calculated values for percent of 
chloride past gage from highway are very sensitive to this measurement.  Also a Cambridge specific 
calibration factor to convert specific conductivity measurements to chloride concentrations would also 
increase the accuracy of this analysis. 
Future work will include more in depth modeling.  A groundwater component can be added to the 
hydraulic model.  Additionally chloride fluxes can be modeled with both a season storm scale surface 
runoff model and a groundwater model.  Combined, these models will provide a more accurate analysis 
of the transport of chloride to the Cambridge Reservoir.  Continued monitoring is recommended to 
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APPENDIX A – PLOTS OF RAW LINCOLN DATA 
 




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































APPENDIX B – PLOTS OF WALTHAM RAW DATA 
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APPENDIX C – VISUAL BASIC CODE FOR HYDRAULIC MODEL 








Dim nn  'number of data points 








Dim zeta    'depression storage layer 
Dim sump    'sum of precipitation 
Dim sumq    'sum of flow 
 
Sub Main() 
    Depression 
    ReadData 
    Search 
    Output 
End Sub 
Sub Depression()    'search for optimum zeta 
    zeta = 0 
    xmin = 0 'low value of initial section search 
    xmax = 0.025 'high value of initial section search 
    x1 = xmin + 0.382 * (xmax - xmin) 
    zeta = x1 
    ReadData 
    CSearch 
    del1 = deltm 
    x2 = xmin + 0.618 * (xmax - xmin) 
    zeta = x2 
    ReadData 
    CSearch 
    del2 = deltm 
    For iout = 1 To 10 
        If del2 > del1 Then 
            xmax = x2 
            x2 = x1 
C-2 
 
        del2 = del1 
        x1 = xmin + 0.382 * (xmax - xmin) 
        zeta = x1 
        ReadData 
        CSearch 
        del1 = deltm 
    Else 
        xmin = x1 
        x1 = x2 
        del1 = del2 
        x2 = xmin + 0.618 * (xmax - xmin) 
        zeta = x2 
        ReadData 
        CSearch 
        del2 = deltm 
    End If 
    Next iout 





    sumq = 0 
    sump = 0 
    deltat = Cells(1, 2) 
    nn = Cells(2, 2) 
    areas = Cells(3, 2) 
        For iread = 1 To nn 
        tm(iread) = iread * deltat 
        qm(iread) = Cells(iread + 1, 4) / (7.48 * 3.28 ^ 3 * 60) 
        ppt(iread) = Cells(iread + 1, 6) / (39.3 * 3600) 
        sump = sump + ppt(iread) * deltat 
        If sump < zeta Then 
            ppt(iread) = 0 
            Else 
        End If 
        sumq = sumq + qm(iread) * deltat 
    Next iread 
    A = sumq / (sump - zeta) 
    Qave = sumq / (nn * deltat) 
    Cells(11, 8) = A 
     
End Sub 
 
Sub Search()    'Search for lambda 
    xmin = 0 
    xmax = 0.001 
    x1 = xmin + 0.382 * (xmax - xmin) 
C-3 
 
    lambda = x1 
    CSearch 
    del1 = deltm 
    x2 = xmin + 0.618 * (xmax - xmin) 
    lambda = x2 
    CSearch 
    del2 = deltm 
    For isear = 1 To 12 
        If del1 > del2 Then 
            xmin = x1 
            x1 = x2 
            del1 = del2 
            x2 = xmin + 0.618 * (xmax - xmin) 
            lambda = x2 
            CSearch 
            del2 = deltm 
        Else 
            xmax = x2 
            x2 = x1 
            del2 = del1 
            x1 = xmin + 0.382 * (xmax - xmin) 
            lambda = x1 
            CSearch 
            del1 = deltm 
        End If 
    Next isear 
    lambda = (x1 + x2) / 2 
    CSearch 
End Sub 
 
Sub CSearch()    'Search for lambda 
    Convol 
    xmin = 0 
    xmax = 2 
    x1 = xmin + 0.382 * (xmax - xmin) 
    cc = x1 
    InnerSearch 
    del1 = deltm 
    x2 = xmin + 0.618 * (xmax - xmin) 
    cc = x2 
    InnerSearch 
    del2 = deltm 
    For icc = 1 To 12 
        If del1 > del2 Then 
            xmin = x1 
            x1 = x2 
            del1 = del2 
            x2 = xmin + 0.618 * (xmax - xmin) 
C-4 
 
            cc = x2 
            InnerSearch 
            del2 = deltm 
        Else 
            xmax = x2 
            x2 = x1 
            del2 = del1 
            x1 = xmin + 0.382 * (xmax - xmin) 
            cc = x1 
            InnerSearch 
            del1 = deltm 
        End If 
    Next icc 
    cc = (x1 + x2) / 2 
    InnerSearch 
End Sub 
 
Sub InnerSearch()    'Search for qbase 
    xmin = 0 
    xmax = 0.01 
    x1 = xmin + 0.382 * (xmax - xmin) 
    qbase = x1 
    Errc 
    del1 = deltm 
    x2 = xmin + 0.618 * (xmax - xmin) 
    qbase = x2 
    Errc 
    del2 = deltm 
    For iin = 1 To 15 
        If del1 > del2 Then 
            xmin = x1 
            x1 = x2 
            del1 = del2 
            x2 = xmin + 0.618 * (xmax - xmin) 
            qbase = x2 
            Errc 
            del2 = deltm 
        Else 
            xmax = x2 
            x2 = x1 
            del2 = del1 
            x1 = xmin + 0.382 * (xmax - xmin) 
            qbase = x1 
            Errc 
            del1 = deltm 
        End If 
    Next iin 
    qbase = (x1 + x2) / 2 
C-5 
 




    deltm = 0 
    For ierr = 1 To nn 
        qp(ierr) = qbase + cc * areas * qconv(ierr) 
        delta(ierr) = qm(ierr) - qp(ierr) 
        deltm = deltm + delta(ierr) ^ 2 
    Next ierr 




    For irec = 1 To nn 
        qconv(irec) = 0 
        For jrec = 1 To irec 
            tau = jrec * deltat 
            qconv(irec) = qconv(irec) + lambda * deltat * ppt(jrec) * Exp(-lambda * (tm(irec) - tau)) 
        Next jrec 




    Cells(2, 8) = qbase 
    Cells(3, 8) = nn 
    Cells(1, 8) = deltm 
    Cells(5, 8) = cc 
    Cells(7, 8) = deltat 
    Cells(8, 8) = lambda 
    Cells(11, 8) = zeta 
    For iout = 1 To nn 
        Cells(iout + 1, 10) = tm(iout) 
        Cells(iout + 1, 11) = qm(iout) * (7.48 * 3.28 ^ 3 * 60) 
        Cells(iout + 1, 12) = qp(iout) * (7.48 * 3.28 ^ 3 * 60) 
        Cells(iout + 1, 13) = delta(iout) 
    Next iout 
End Sub 
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APPENDIX D – HYDRAULIC PARAMETERES FOR INDIVIDUAL STORMS 
 

























1/11/2006 0.0146 1.00E-02 100 0.396 900 6.04E-05 0.26 3.50 0.0015 
1/18/2006 0.0350 1.00E-02 137 0.433 900 1.03E-04 0.90 15.75 0.0015 
1/29/2006 0.0213 1.00E-02 133 0.528 900 4.92E-05 0.37 4.25 0.0028 
2/3/2006 0.0298 1.00E-02 140 0.492 900 6.23E-05 0.69 8.00 0.0033 
2/4/2006 0.0295 1.00E-02 130 0.492 900 4.61E-05 0.90 15.00 0.0010 
4/3/2006 0.0184 3.84E-03 87 0.151 900 9.37E-05 0.79 13.00 0.0028 
7/28/2006 0.1772 3.67E-06 23 0.249 900 1.61E-04 1.13 1.25 0.0100 
8/4/2006 0.0057 4.44E-03 116 0.731 900 1.85E-04 0.20 3.00 0.0045 
8/15/2006 0.0112 2.69E-03 72 0.112 900 1.80E-04 0.69 7.50 0.0056 
8/20/2006 0.0135 4.53E-03 72 0.145 900 2.21E-04 0.79 6.25 0.0084 
8/29/2006 0.0025 8.19E-03 90 0.230 900 1.49E-04 0.22 7.50 0.0045 
9/3/2006 0.0049 6.64E-03 278 0.115 900 8.98E-05 0.93 20.75 0.0058 
9/14/2006 0.0036 2.93E-03 129 0.137 900 1.18E-04 0.59 5.50 0.0084 
9/19/2006 0.0499 4.49E-04 42 0.338 900 1.68E-04 0.70 5.25 0.0048 
10/1/2006 0.0102 3.34E-03 139 0.157 900 1.39E-04 0.63 8.75 0.0061 
10/11/2006 0.0430 3.54E-03 77 0.236 900 1.56E-04 1.86 11.25 0.0089 
10/20/2006 0.0094 8.92E-03 169 0.311 900 1.34E-04 0.59 16.00 0.0094 
10/28/2006 0.0290 1.00E-02 222 0.283 900 1.26E-04 1.92 18.50 0.0079 
11/7/2006 0.0231 1.00E-02 290 0.341 900 4.92E-05 1.42 34.50 0.0069 
11/12/2006 0.0205 9.81E-03 58 0.289 900 9.99E-05 0.59 2.75 0.0064 
11/16/2006 0.0509 1.00E-02 191 0.502 900 1.12E-04 1.26 8.25 0.0038 
11/23/2006 0.0452 1.00E-02 103 0.475 900 8.17E-05 1.68 17.50 0.0084 
12/1/2006 0.0363 1.00E-02 223 0.390 900 1.44E-04 0.81 5.50 0.0030 
12/22/2006 0.0078 1.00E-02 94 0.206 900 8.36E-05 0.87 17.25 0.0030 
12/25/2006 0.0083 1.00E-02 129 0.341 900 4.72E-05 0.40 10.25 0.0007 
1/1/2007 0.0145 1.00E-02 98 0.259 900 1.16E-04 0.86 20.00 0.0030 
1/8/2007 0.0145 1.00E-02 107 0.295 900 7.55E-05 0.72 13.00 0.0025 
3/2/2007 0.0510 3.67E-06 79 0.609 900 8.98E-05 1.81 17.00 0.0100 
4/12/2007 0.0258 1.00E-02 72 0.321 900 1.05E-04 1.03 9.75 0.0081 
5/11/2007 0.0303 1.00E-02 32 0.293 900 2.82E-04 0.62 2.25 0.0100 
5/16/2007 0.0319 1.00E-02 69 0.249 900 1.74E-04 1.40 8.50 0.0064 
6/3/2007 0.0472 3.67E-06 97 0.289 900 1.51E-04 1.72 21.50 0.0071 
6/9/2007 0.0082 1.00E-02 45 0.161 900 1.61E-04 0.52 3.75 0.0061 
D-2 
 
7/4/2007 0.0042 3.69E-03 75 0.390 900 2.46E-04 0.66 7.75 0.0147 
7/5/2007 0.0056 4.82E-03 35 0.386 900 2.48E-04 0.55 2.75 0.0119 
8/8/2007 0.0025 2.19E-03 69 0.498 900 1.02E-04 0.19 6.25 0.0043 
9/11/2007 0.0305 3.67E-06 38 0.141 900 2.16E-04 1.11 5.25 0.0100 
10/8/2007 0.0060 3.67E-06 65 0.171 900 1.44E-04 0.59 7.25 0.0100 
10/19/2007 0.0238 3.67E-06 76 0.204 900 1.85E-04 0.96 14.50 0.0100 
11/3/2007 0.0094 3.67E-06 97 0.173 900 1.29E-04 1.15 9.25 0.0081 
11/6/2007 0.0070 3.41E-03 75 0.180 900 1.37E-04 0.56 8.00 0.0069 
11/15/2007 0.0193 3.67E-06 116 0.171 900 1.24E-04 0.96 18.50 0.0053 
12/23/2007 0.0129 1.00E-02 132 0.866 900 5.92E-05 0.30 10.50 0.0033 
1/11/2008 0.0312 1.00E-02 86 0.380 900 7.86E-05 1.17 12.25 0.0023 
1/18/2008 0.0076 1.00E-02 87 0.505 900 2.60E-05 0.49 9.25 0.0038 
2/1/2008 0.0424 1.00E-02 81 0.390 900 9.48E-05 1.31 11.00 0.0069 
2/5/2008 0.0352 1.00E-02 223 0.394 900 8.36E-05 2.53 50.25 0.0050 
2/12/2008 0.0957 3.67E-06 147 0.534 900 5.42E-05 2.49 21.00 0.0100 
2/17/2008 0.0458 1.00E-02 104 0.781 900 8.36E-05 0.88 21.50 0.0012 
2/26/2008 0.0250 1.00E-02 50 0.386 900 8.17E-05 0.60 7.25 0.0050 
3/7/2008 0.0678 1.00E-02 166 0.591 900 7.36E-05 1.98 23.50 0.0063 
4/1/2008 0.0179 1.00E-02 43 1.997 900 1.31E-04 0.25 0.75 0.0063 
4/28/2008 0.0390 9.60E-03 176 0.249 900 1.05E-04 2.36 32.00 0.0094 
5/27/2008 0.0255 1.00E-02 52 0.210 900 1.92E-04 1.01 1.00 0.0149 
6/23/2008 0.0959 5.67E-03 113 0.335 900 1.26E-04 1.47 9.25 0.0060 
6/24/2008 0.0938 1.00E-02 146 0.609 900 1.31E-04 0.65 6.75 0.0109 
6/27/2008 0.0825 1.00E-02 49 0.216 900 2.19E-04 1.37 1.25 0.0167 
7/23/2008 0.2333 9.13E-04 188 0.577 900 1.16E-04 4.07 30.50 0.0099 
8/2/2008 0.0568 1.00E-02 41 1.357 900 1.33E-04 0.61 1.00 0.0152 
8/8/2008 0.0317 1.00E-02 47 0.479 900 1.46E-04 0.52 2.50 0.0101 
8/15/2008 0.0746 1.00E-02 77 0.252 900 3.00E-04 0.83 8.00 0.0028 
9/14/2008 0.0077 1.00E-02 152 0.167 900 1.34E-04 0.40 6.50 0.0030 
9/26/2008 0.0512 2.99E-03 98 0.293 900 1.05E-04 2.13 21.00 0.0089 
10/1/2008 0.0266 1.00E-02 54 0.692 900 1.10E-04 0.36 1.75 0.0086 
10/25/2008 0.0249 1.00E-02 76 0.283 900 2.58E-04 0.69 9.25 0.0074 
11/25/2008 0.0432 3.67E-06 102 0.364 900 6.54E-05 2.06 19.00 0.0069 
11/28/2008 0.0075 1.00E-02 67 1.460 900 6.23E-05 0.19 2.50 0.0045 
11/30/2008 0.0129 1.00E-02 554 0.295 900 7.04E-05 1.00 19.75 0.0043 
12/10/2008 0.0764 3.67E-06 274 0.581 900 6.73E-05 4.25 47.50 0.0089 
1/7/2009 0.0203 1.00E-02 97 0.266 900 5.61E-05 0.76 9.00 0.0008 
1/28/2009 0.0143 1.00E-02 110 0.171 900 7.55E-05 1.36 46.75 0.0043 
2/22/2009 0.0236 1.00E-02 87 0.236 900 1.34E-04 0.72 12.25 0.0030 
3/26/2009 0.0051 1.00E-02 100 0.220 900 7.24E-05 0.29 9.00 0.0033 
3/29/2009 0.0106 1.00E-02 110 0.220 900 7.24E-05 0.83 36.00 0.0020 
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4/3/2009 0.0298 9.73E-03 77 0.305 900 1.03E-04 0.59 8.00 0.0025 
4/6/2009 0.0296 1.00E-02 124 0.315 900 1.28E-04 1.16 23.50 0.0069 
4/10/2009 0.0109 1.00E-02 175 0.242 900 5.23E-05 0.66 23.50 0.0005 
4/20/2009 0.0219 1.00E-02 155 0.275 900 1.13E-04 1.04 22.00 0.0048 
5/4/2009 0.0134 1.00E-02 365 0.226 900 1.15E-04 1.18 68.50 0.0045 
5/6/2009 0.0192 1.00E-02 56 0.272 900 1.05E-04 0.35 6.00 0.0012 
5/7/2009 0.0142 1.00E-02 165 0.230 900 1.39E-04 0.50 18.75 0.0048 
5/9/2009 0.0066 1.00E-02 90 1.997 900 1.34E-04 0.24 1.00 0.0061 
5/30/2009 0.0085 4.11E-03 55 0.358 900 1.16E-04 0.15 3.00 0.0030 
6/11/2009 0.0426 8.72E-03 95 0.246 900 1.46E-04 1.37 9.75 0.0040 
6/18/2009 0.0187 1.00E-02 156 0.206 900 9.17E-05 1.02 25.00 0.0038 
6/29/2009 0.0047 1.00E-02 130 0.275 900 7.36E-05 0.25 9.25 0.0015 
7/7/2009 0.1068 1.00E-02 115 0.495 900 1.72E-04 1.53 15.75 0.0100 
7/11/2009 0.0215 1.00E-02 90 0.232 900 1.24E-04 0.67 14.25 0.0028 
7/18/2009 0.0428 1.00E-02 160 0.567 900 1.69E-04 0.76 6.75 0.0188 
7/23/2009 0.0576 1.00E-02 111 0.449 900 9.87E-05 2.34 17.75 0.0076 
7/31/2009 0.0421 1.00E-02 115 0.232 900 1.52E-04 1.31 9.75 0.0028 
8/11/2009 0.0189 1.00E-02 58 0.364 900 2.31E-04 0.30 2.00 0.0048 
8/28/2009 0.0198 9.18E-03 168 0.183 900 1.90E-04 1.61 31.75 0.0048 
10/3/2009 0.0267 7.86E-03 93 0.171 900 1.63E-04 1.01 12.75 0.0074 
10/7/2009 0.0116 4.95E-03 120 0.220 900 9.37E-05 0.49 8.75 0.0056 
10/10/2009 0.0096 6.38E-03 120 0.524 900 1.58E-04 0.33 5.50 0.0071 
10/13/2009 0.0041 6.36E-03 120 0.206 900 1.23E-04 0.34 6.25 0.0036 
10/24/2009 0.0137 1.00E-02 115 0.230 900 1.49E-04 0.66 4.75 0.0033 
10/28/2009 0.0180 1.00E-02 185 0.285 900 8.98E-05 0.91 18.50 0.0038 
11/14/2009 0.0669 1.00E-02 144 0.416 900 1.42E-04 3.02 28.50 0.0066 
11/20/2009 0.0093 1.00E-02 165 0.321 900 9.48E-05 0.33 5.25 0.0038 
11/27/2009 0.0129 1.00E-02 105 0.242 900 9.17E-05 0.62 25.25 0.0015 
12/2/2009 0.0519 1.00E-02 81 0.413 900 1.36E-04 1.21 9.00 0.0089 
12/13/2009 0.0206 1.00E-02 95 0.331 900 8.36E-05 0.73 9.25 0.0028 
1/25/2010 0.0602 1.00E-02 86 0.931 900 1.07E-04 1.18 10.00 0.0043 
2/23/2010 0.1128 1.00E-02 200 1.023 900 8.17E-05 2.00 59.00 0.0081 
5/8/2010 0.0268 9.70E-03 95 0.155 900 1.29E-04 1.05 15.50 0.0043 
5/14/2010 0.0046 5.96E-03 75 1.466 900 1.03E-04 0.32 1.00 0.0081 
5/18/2010 0.0223 8.50E-03 150 0.224 900 1.31E-04 1.56 26.75 0.0050 
6/6/2010 0.0212 9.97E-03 100 0.088 900 1.47E-04 1.17 2.50 0.0100 
6/24/2010 0.0011 2.77E-03 95 0.423 900 1.24E-04 0.27 0.75 0.0066 
7/10/2010 0.0073 3.60E-03 44 0.256 900 2.51E-04 0.38 2.00 0.0081 
7/23/2010 0.0150 3.91E-04 100 0.105 900 1.41E-04 0.49 4.50 0.0058 
8/24/2010 0.0376 3.67E-06 250 0.220 900 1.56E-04 3.02 40.00 0.0094 
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(hrs) Zeta (m) 
4/3/2006 0.030675 0.007349 78 0.141 900 0.000559 0.79 13.25 0.002796 
5/19/2006 0.06659 0.009996 52 0.295 900 0.000476 0.53 4.75 0.004549 
5/26/2006 0.015855 0.009996 38 0.210 900 0.000301 0.21 2.75 0.001763 
6/23/2006 0.189584 3.67E-06 45 0.309 900 0.000425 0.94 5.75 0.007123 
7/12/2006 0.114314 3.67E-06 82 0.368 900 0.00059 0.71 10.25 0.006859 
7/28/2006 0.109076 0.007244 34 0.094 900 0.000416 1.13 1.25 0.009959 
8/4/2006 0.113299 0.009996 36 0.299 900 0.000998 0.2 3 0.003566 
8/15/2006 0.035783 0.009848 39 0.147 900 0.000592 0.69 7.5 0.005582 
8/20/2006 0.071726 0.003897 50 0.141 900 0.000606 0.81 7.75 0.00304 
8/27/2006 0.046449 0.004749 69 0.147 900 0.000474 0.72 14 0.005319 
8/29/2006 0.008651 0.008057 46 0.141 900 0.000377 0.22 7.5 0.002026 
9/3/2006 0.020867 0.009996 77 0.112 900 0.000404 0.92 18 0.00304 
9/14/2006 0.038142 0.00308 29 0.151 900 0.000998 0.59 5.5 0.001013 
10/1/2006 0.033753 0.005008 54 0.151 900 0.000556 0.63 8.75 0.004286 
10/11/2006 0.052608 0.009996 76 0.177 900 0.0006 1.86 11.25 0.004549 
10/20/2006 0.009944 0.00897 150 0.279 900 0.000134 0.59 16 0.009402 
10/28/2006 0.066166 3.67E-06 83 0.220 900 0.00041 1.92 18.25 0.006353 
11/7/2006 0.018397 0.005333 225 0.147 900 0.000315 1.42 34.5 0.00227 
11/12/2006 0.039954 0.009996 36 0.173 900 0.000759 0.59 2.75 0.006353 
11/16/2006 0.070789 0.009996 84 0.285 900 0.000408 1.29 14.75 0.004286 
11/23/2006 0.04702 0.009996 90 0.204 900 0.000344 1.68 17.5 0.002533 
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12/22/2006 0.0226 0.009327 79 0.161 900 0.00037 0.87 17.25 0.00227 
12/25/2006 0.010754 0.009996 100 0.216 900 0.000266 0.4 10.25 0.00227 
1/1/2007 0.017304 0.009996 119 0.190 900 0.000341 0.86 20 0.002533 
1/8/2007 0.025292 0.009996 57 0.177 900 0.000287 0.68 9.75 0.0015 
2/2/2007 0.004089 0.009996 50 0.029 900 0.00032 0.3 7.5 0.001763 
3/2/2007 0.060357 0.009996 90 0.341 900 0.000236 1.81 17 0.009139 
4/12/2007 0.025942 0.009996 72 0.285 900 0.000107 1.03 9.75 0.008105 
5/11/2007 0.064909 0.009996 18 0.230 900 0.000598 0.62 2.25 0.009959 
5/16/2007 0.07796 0.009996 79 0.173 900 0.000461 1.4 8.5 0.004549 
6/3/2007 0.046654 0.009996 111 0.216 900 0.000548 1.72 21.5 0.006353 
6/9/2007 0.035575 0.009996 25 0.161 900 0.000392 0.51 3.75 0.004042 
7/4/2007 0.03846 0.00931 49 0.183 900 0.000998 0.66 7.75 0.009959 
8/6/2007 0.033066 0.009996 19 0.544 900 0.000998 0.28 2.25 0.006859 
8/8/2007 0.025588 0.006196 46 0.315 900 0.000998 0.19 6.25 0.004042 
9/15/2007 0.01496 3.67E-06 56 0.147 900 0.000461 0.34 8 0.002533 
10/8/2007 0.052839 3.67E-06 46 0.155 900 0.000903 0.59 7.25 0.007862 
10/19/2007 0.049216 9.69E-05 110 0.190 900 0.000601 0.96 14.5 0.005319 
11/3/2007 0.022664 3.67E-06 60 0.131 900 0.000524 1.15 9.25 0.003303 
11/6/2007 0.024836 0.001943 41 0.137 900 0.000905 0.56 8 0.004549 
11/15/2007 0.039442 3.67E-06 102 0.167 900 0.000546 0.96 18.5 0.004042 
12/23/2007 0.035733 0.009996 37 0.554 900 0.000176 0.3 3.75 0.002796 
1/11/2008 0.046863 0.009996 150 0.240 900 0.000182 1.17 12.25 0.001763 
2/1/2008 0.036943 0.009996 235 0.259 900 0.000423 1.31 11 0.005056 
2/5/2008 0.058896 0.009996 223 0.269 900 0.000254 2.53 50.25 0.003566 
2/12/2008 0.088353 0.009996 136 0.364 900 0.000216 2.49 21 0.019555 
2/17/2008 0.068361 0.009996 163 0.390 900 0.000202 0.88 21.5 0.000223 
3/4/2008 0.047628 0.009996 165 0.269 900 0.000241 0.99 17.5 0.000993 
3/7-8/2008 0.09722 0.009996 210 0.338 900 0.000245 1.98 23.5 0.002533 
3/19/2008 0.03757 0.009996 119 0.242 900 0.00031 0.93 22.75 0.003566 
3/28/2008 0.019053 0.009996 104 0.180 900 0.000171 0.46 22.5 0.001267 
4/1/2008 0.022436 0.009996 73 0.252 900 0.000467 0.25 0.75 0.00304 
4/12/2008 0.030132 0.009996 60 0.200 900 0.000275 0.47 6.25 0.000993 
4/28/2008 0.052331 0.009996 158 0.214 900 0.000415 2.36 32 0.003561 
5/16/2008 0.018919 0.009996 93 0.147 900 0.000461 0.55 14.75 0.00227 
6/24/2008 0.008453 0.009996 48 0.167 900 0.000633 0.64 3.25 0.014498 
6/27/2008 0.19332 0.009996 25 0.325 900 0.000519 1.37 1.25 0.019919 
7/1/2008 0.008125 0.009996 42 0.437 900 0.000998 0.19 0.25 0.004812 
7/2/2008 0.037465 0.009996 54 0.368 900 0.000699 0.27 5.25 0.004812 
7/4/2008 0.020061 0.009996 60 0.200 900 0.000479 0.3 6.25 0.002796 
7/23/2008 0.271601 0.009996 156 0.348 900 0.000375 4.07 30.5 0.002528 
8/2/2008 0.04747 0.009996 60 0.125 900 0.000998 0.61 1 0.009139 
D-7 
 
8/8/2008 0.042855 0.009996 65 0.224 900 0.000998 0.52 2.5 0.006972 
9/6/2008 0.138551 0.009996 74 0.246 900 0.000444 3.03 12 0.009402 
9/26/2008 0.061265 0.009996 115 0.173 900 0.000553 2.13 21 0.002796 
10/1/2008 0.032943 0.009996 55 0.433 900 0.00091 0.36 1.75 0.008632 
10/25/2008 0.055965 3.67E-06 65 0.220 900 0.000523 0.68 7.75 0.004549 
10/28/2008 0.016247 0.006633 60 0.128 900 0.000444 0.34 8.5 0.002796 
11/25/2008 0.046779 0.009996 95 0.177 900 0.000392 2.06 19 0.004042 
11/28/2008 0.011644 0.009996 65 0.463 900 0.000849 0.19 2.5 0.004549 
11/30/2008 0.022451 0.009996 150 0.204 900 0.000218 1 19.75 0.002796 
1/28/2009 0.022639 0.009996 78 0.128475 900 0.00021 1.06 10.75 0.001763 
2/22/2009 0.028054 0.009996 84 0.214 900 0.000206 0.72 12.5 0.000517 
3/26/2009 0.018849 0.009996 120 0.249 900 9.37E-05 0.29 9 0.000223 
3/29/2009 0.02048 0.009996 175 0.204 900 0.000198 0.83 36 0.000223 
4/3/2009 0.040044 0.009996 85 0.220 900 0.000418 0.59 8 0.002533 
4/6/2009 0.059242 0.009996 120 0.226 900 0.000246 1.16 23.5 0.004042 
5/5/2009 0.028093 0.009996 250 0.177 900 0.000392 1.15 58.5 0.003303 
5/30/2009 0.009016 0.009996 55 0.157 900 0.000502 0.15 3 0.000996 
6/11/2009 0.061463 0.009996 170 0.177 900 0.000675 1.37 9.75 0.004042 
6/18/2009 0.020638 0.009996 150 0.151 900 0.000341 1.02 25 0.002026 
7/7/2009 0.085768 0.009996 115 0.163 900 0.000249 1.53 15.75 0.009959 
7/17/2009 0.071265 0.009996 170 0.145 900 0.00045 0.77 10.25 0.009959 
7/23/2009 0.061609 0.009996 195 0.197 900 0.000482 2.34 17.75 0.009959 
7/31/2009 0.045694 0.009996 312 0.112 900 0.000598 1.31 9.75 0.001237 
8/11/2009 0.014733 0.009996 60 0.210 900 0.000998 0.3 2 0.007123 
8/28/2009 0.036726 0.009996 140 0.131 900 0.000649 1.61 31.75 0.006859 
10/3/2009 0.019374 0.009996 280 0.151 900 0.000781 1.01 12.75 0.006616 
10/10/2009 0.011096 0.009996 60 0.128 900 0.000375 0.33 5.5 0.00304 
10/13/2009 0.010868 0.009996 60 0.125 900 0.000216 0.34 6.25 0.00227 
10/24/2009 0.032157 0.009996 150 0.256 900 0.000519 0.66 4.75 0.00304 
10/28/2009 0.026423 0.009996 155 0.167 900 0.000362 0.91 18.5 0.002026 
11/14/2009 0.047898 0.009996 133 0.167 900 0.000367 3.02 28.5 0.003813 
11/20/2009 0.020906 0.009996 150 0.197 900 0.000447 0.33 5.25 0.00304 
12/2/2009 0.070099 0.009996 74 0.272 900 0.000287 1.21 9 0.001512 
12/13/2009 0.041806 0.009996 315 0.210 900 0.000243 0.73 9.25 0.000993 
1/25/2010 0.077046 0.009996 80 0.370 900 0.000182 1.18 10 0.000223 
5/8/2010 0.045269 0.009996 74 0.145 900 0.000521 1.05 15.5 0.004286 
5/14/2010 0.015133 0.009996 75 0.076 900 0.000364 0.32 1 0.007862 
5/18/2010 0.042929 0.009996 100 0.204 900 0.00033 1.5 22.5 0.003303 
6/3/2010 0.103287 0.009996 100 0.761 900 3.33E-04 0.16 0.25 0.004042 
6/5/2010 0.03059 0.009996 65 0.755 900 8.08E-04 0.47 4 0.009959 
6/6/2010 0.06538 1.00E-02 309 0.242 900 3.80E-04 1.17 4 0.01169 
D-8 
 
6/24/2010 0.023248 8.37E-03 75 0.121 900 2.56E-04 0.27 0.75 0.006353 
7/10/2010 0.097043 0.009996 75 0.173 900 0.000998 0.38 2 0.007599 
9/3/2010 0.022683 0.009996 90 0.194 900 0.000741 0.45 14 0.004812 
9/8/2010 0.013307 0.008889 60 0.295 900 0.000611 0.23 1.5 0.005582 
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